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Abstract 
 
Rice is a staple food for over one-third of the world’s population. With the increasing 
population, plant breeders must continue to breed for improved varieties. The utilization of 
markers to applied breeding program can increase the efficiency of selection for key traits. The 
targeted traits for this research include grain aroma and resistance to the fungal disease narrow 
brown leaf spot (Cercospora janseana). Our objective was to characterize SNP diversity across 
the BADH2 gene in publicly available sequence data of a collection of 2,932 rice varieties was 
characterized to determine the number of gene haplotypes in O. sativa. Using 297 gene-based 
SNPs, we detected 11 haplotype groups, and subsequently identified a minimal set of nine 
informative SNPs that uniquely identified all of the BADH2 haplotypes. These nine SNPs were 
developed into Kompetitive Allele Specific PCR assays and used to examine a panel of 370 U.S. 
rice accessions. Six haplotypes were detected within the U.S. panel, of which two were found in 
a majority (85%) of varieties. A representative set of 40 varieties from all haplotype groups was 
evaluated phenotypically to distinguish aromatic from non-aromatic lines. One haplotype (Hap 
6) was found to be perfectly associated with the aromatic phenotype. A single KASP SNP unique 
to Hap 6 was demonstrated to reliably differentiate aromatic from non-aromatic rice varieties 
across U.S. germplasm. A recombinant inbred line population was scored for narrow brown leaf 
spot resistance under natural disease pressure in the field across three years. A single, large effect 
QTL was identified that explained 81.4% of the phenotypic variation across all three years. A set 
of 13 informative SNPs were selected across this region and used to characterize the haplotype 
diversity across a panel of 389 U.S. rice breeding lines that were phenotyped for Cercospora 
over two years. A total of 14 haplotypes were identified and Haplotype 1 was the only 
susceptible haplotype in the panel. A single SNP was identified that distinguishes the susceptible 
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haplotype from all resistant haplotypes. This SNP explained 52.7% of the phenotypic variation 
for NBLS resistance in the panel across two years of phenotype data.  
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Chapter 1. Introduction and Literature Review 
 
 1.1 Introduction 
 
Rice is one of the most important crops, providing a staple food for over one-third of the 
world’s population. Rice is primarily produced in tropical and subtropical climates, with most of 
this production centered in Asia. As one of the most important crops, the production of rice must 
continue to increase in order to meet increasing demand for calories. Meeting this demand is 
becoming increasingly difficult due to population increase and the decrease in land area used for 
crop production. One way to increase the total production of rice is breeding improved rice 
varieties. 
 The development of rice cultivars focuses on increased yield and grain quality, goals that 
are common to many breeding programs. Grain quality consists of multiple traits, including 
milling yield, visual appearance (chalk, shape, color), amylose, texture, cooking characteristics, 
and aroma. Although yield and quality are the primary goals of most rice variety development 
programs, breeders also put significant efforts into breeding for other traits that significantly 
impact yield and quality, including disease resistance and agronomic traits, such as plant height, 
maturity, vigor, and lodging resistance. The rate of progress and the resources required to make 
gains for a given trait are largely influenced by the genetic architecture of the trait. 
 Traits such as a yield, milling yield, chalk, texture, cooking characteristics, and lodging 
resistance are quantitative traits, controlled by multiple genes of relatively small effect and 
significantly influenced by the environment. Quantitative traits require replicated trials over 
multiple years and locations in order to make breeding gains. Traits such as aroma, grain shape, 
plant height, amylose, and some disease traits are more qualitative in nature, controlled by one or 
few genes of relatively large effect, and are less influenced by the environment. Qualitative traits 
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require fewer resources to make breeding gains and can be successfully selected in one or a few 
environments. 
 The nature of qualitative traits makes them suitable for marker-assisted selection (MAS) 
as the single gene(s) that underlie the trait can be identified and associated with a DNA marker. 
Once a target gene is associated with a marker and the association is validated in the appropriate 
breeding germplasm and environment, direct breeding selections can accurately be made on the 
single plant level in the early breeding stages, prior to evaluation in the field. In recent years the 
cost and throughput of these marker technologies has made large-scale implementation into 
applied breeding programs feasible. The utilization of these marker technologies and breeding 
strategies are valuable tools to help ensure increased production and improved quality of rice 
varieties. 
 The goal of this research was to increase the efficiency of breeding new rice varieties for 
Louisiana and the Southern U.S. The primary objectives were to identify, develop, and validate 
single nucleotide polymorphism (SNP) markers for use in applied breeding programs. The 
targeted traits are grain aroma and resistance to the fungal disease narrow brown leaf spot 
(Cercospora janseana). The research objectives for the aroma trait were to characterize the 
haplotype diversity of the BADH2 aroma gene and confirm the presence of only one aromatic 
allele in US germplasm and subsequently identify and validate a single SNP marker that is 
informative across US breeding germplasm. The research objectives for NBLS were to 
characterize the genetic architecture of the trait, identify and map a novel, single resistance gene, 
and subsequently characterize the haplotype diversity and identify a single SNP marker for use in 
applied breeding applications. 
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 1.2. Global Rice Production 
 
Rice is a staple food for one-third of the global population with 90% produced and 
consumed in Asia (Sleper and Poehlman, 2006). Rice production is classified into four types of 
ecosystems; irrigated/flooded, rainfed lowland, deep-water/floating and upland rainfed. Irrigated 
rice comprises 55% of the global production area. Rainfed lowland comprises the second largest 
production area with 25%, while upland rainfed and deep-water comprise 12 and 8%, 
respectively (Bernier et al., 2008). 
As of 2017, China is the world leader in rice production with more than 212 million 
metric tons. China is followed by India, Indonesia, Bangladesh and Vietnam with more than 168, 
81, 49 and 42 million metric tons, respectively. In average rice production by region ranging 
from 1994 to 2017, Asia produced over 589 million metric tons followed by the Americas with 
34 million metric tons. Africa produced 22 million metric tons followed by Europe and Oceania 
with over 3.5 million metric tons and 823 thousand metric tons, respectively (FAOSTAT, 2017).  
1.3. Rice Production in the United States and Louisiana 
 
Rice production in the U.S. is concentrated in Arkansas, California, Louisiana, 
Mississippi, Missouri and Texas. The total production for rice in the United States was roughly 
224,211,000 cwt in 2018. This is up ~17,000,000 cwt from the 10-year (2008-2018) average of 
207,541. Rice cultivars in these areas are grown primarily in irrigated conditions and are 
categorize into three types based on grain shape and length; long grain, medium grain and short 
grain. Long grain rice cultivars accounted for roughly 73% of the total rice production, 25.6% of 
the total rice production is comprised of medium grain cultivars and the remaining 1.3% are  
short grain (USDA, 2018). The U.S. ranks fifth in total global exports, accounting for more than 
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6% of the rice export market. The bulk of these exports consisted of milled rice. The majority of 
the U.S. imports are aromatic varieties from both India and Thailand (USDA, 2019a). 
Arkansas produces the most rice with 107,325,000 cwt. It is followed by California, 
which produces primary medium grain cultivars, with 43,425,000 cwt. Louisiana is the third 
highest producing state with 31,094,000 cwt followed by Missouri (17,090,000 cwt), Texas 
(15,060,000 cwt) and Mississippi (10,217,000 cwt) (USDA, 2018). For Louisiana, a total of 
440,000 acres were planted, comprised of 395 thousand acres of long grain rice and 45 thousand 
acres of medium grain rice. The average yield for Louisiana was 7,130 pounds per acre, roughly 
532 pounds per acre lower than the United States average. 
 In Louisiana, rice is one of the top three commodities along with soybean and corn. 
These three crops together accounted for 64% of the total production value ($1.9 billion) for field 
crops in 2018. Soybean had the largest value of production with $564,720,00, rice was second 
with $351,362,000 and corn was third with $299,723,000. It is important to note that sugarcane 
holds high economic importance to the state of Louisiana, but the USDA sources used state the 
2018 data will be published in February of 2020. In 2017, sugarcane ranked third in total 
production value with $321,575,000, behind both Soybeans and Corn with $652,725,000 and 
$335,395,000, respectively. Rice ranked fourth in 2017 with $310,085,000 of production value 
(USDA, 2019b). 
Aromatic rice varieties are an important rice market with increasing demand in the 
United States. This is partially due to an increasing population of rice consuming ethic groups 
(USDA, 2019a). Though only 7% of rice production globally is exported, aromatic varieties 
make up a significant portion of the export market. This primarily consists of popular aromatic 
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varieties; Jasmine from Thailand and Basmati form India (Annex, 2011; Giraud, 2013; Muthayya 
et al., 2014; Mahajan et al., 2018). Based on USDA forecasts, the United States alone imports 
roughly 27 million cwt with 87% of these imports consisting of aromatic, long-grain varieties 
(Baldwin and Childs, 2018). 
 The main aromatics types of rice grown in Louisiana are Jazzman (Jasmine) and Della-
types. Jasmine-type varieties inherited their aromatic qualities from Jasmine 85 and 96A-8. 
Jasmine 85 and 96A-8 are plant introductions from the Philippines and China, respectively 
(Marchetti et al., 1998; Sha et al., 2011). Other Jasmine-type varieties include Jazzman-2 (Sha et 
al., 2012) and CLJ01 (HorizonAg, 2018). Delitus is the source of aroma for Della and was a first 
aromatic variety released in the U.S. Delitus was a plant introduction from France in 1918 and 
was released from the H. Rouse Caffey Rice Research Station (HRCRRS) in Crowley, LA 
(Linscombe and Famoso, 2017). Della was then used to breed other fragment varieties including; 
Della-2, Dellrose, Dellmont and Dellmati (Bollich et al., 1993; Jodari et al., 1996, 2003; Sha et 
al., 2013). 
 Though the U.S. has released various aromatic varieties, imports for aromatic varieties 
are high and increasing year after year. This is due to US rice varieties failing to match the 
characteristics of the popular aromatic varieties from countries such as India, Thailand, Vietnam 
and Pakistan (USDA, 2019a). This is partially due to the difficulty of phenotyping aroma in a 
large number of experimental lines. Aromatic varieties contain higher levels of the component, 
2-acetyl-1-pyrroline (2AP), which is measured using gas chromatography (Buttery et al., 1982; 
Petrov et al., 1996). This method for measuring aroma is reliable but in the context of applied 
breeding programs needing to screen thousands of early generation lines, the throughput is low 
and costly. A large effect QTL (fgr) was detected for 2AP content on Chromosome 8 in multiple 
6 
 
mapping studies (Ahn et al., 1992; Yano et al., 1992; Lorieux et al., 1996). Through the process 
of fine mapping the causal gene was identified as betaine aldehyde dehydrogenase gene 
(BADH2). The functional mutation was shown to be an 8-base pair (bp) deletion that is located 
on the seventh exon of the gene (Bradbury et al., 2005). A total of 10 different alleles that confer 
aroma have been reported but the 8-bp deletion is the most predominant allele and is present in 
common aromatic varieties; Khao Dawk Mali 105, Basmati, Della and Jasmine 85 (Kovach et 
al., 2009). A single gene controlling a large portion of the phenotypic variance for aroma makes 
it an ideal candidate for the development of a trait SNP marker that can be utilized in marker 
assisted selection. 
1.4. Unique Production Practices in Louisiana 
 
Due to the warmer climate in south Louisiana, rice production in the state has the 
opportunity of a ratoon crop. Ratooning, also called second crop, is the practice of performing a 
second harvesting of the main crop. This is done by harvesting the initial crop and allowing new 
tillers to form from the stubble left in the field. Though the ratoon crop only yields roughly one-
third of the main crop’s total yield, it is of economic importance to the farmer due to the low 
input cost. 
To produce a successful ratoon crop, the farmer must consider several things. The first 
thing to consider is that the main crop should be harvested by mid-August to allow for the 
adequate grow through the months of September and October. When the primary crop is 
harvested later than mi-August, the farmer runs the risk of a drop in temperature that could be 
detrimental to the development of the ratoon crop. This along with the shortening of the day 
length can result in a reduction of both yield and milling quality. With the increasing global 
temperatures, ratooning may become a more common production practice.  
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Farmer should also consider the management decisions used in the first crop. One of the 
biggest influences on second crop yield is the use of nitrogen fertilizer in the main crop. 
Excessive N fertilizer in the first crop can have negative effects on the second crop development 
by delaying tillering. High levels of weeds, pest and disease within the first crop can also have a 
negative effect on the second crop, hindering its growth and development. High disease pressure 
is especially important due to the potential of the disease severely damaging the new growth and 
decreasing the overall yield potential (Louisiana Rice Production Handbook, 2014).  
Ratooning is primarily focused in the southwestern part of Louisiana. With warmers 
temperatures pushing later into the fall could allow for second cropping to move into northern 
Louisiana as well as other rice producing states. With the potential increase in ratooning acres 
comes more potential for later season diseases to have a greater impact on second crop 
production due to the increase of inoculum and time of exposure. 
Another production practice that is unique to Louisiana is the rotation of rice and 
crawfish. Crawfish production is economically important to Louisiana with a total farm-gate 
value of roughly 172 million dollars. The land area used for crawfish production was 225,789 
acres in 2014, which is an increase of ~105,000 acres from 1990 (McClain, 2016). Crawfish are 
a good rotation for rice because rice is planted in mid to late spring and harvested during the 
early autumn months while the crawfish season starts in the fall and last until the early spring. 
Crawfish are introduced into the rice field four to seven weeks post-planting. After harvesting, 
the rice, the stubble is left in the field. The field is then fertilized and reflooded to ensure 
regrowth of the rice plants and to provide the crawfish an ecosystem to grow (McClain et al., 
2007). Farmers can begin to harvest crawfish in late January when the crawfish are of sufficient 
size and can last until early July, with the peak of the season occurring in April (McClain, 2016) 
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The draining of the field in the spring to enable the planting rice in March or April can decrease 
crawfish yield (McClain et al., 2007).  
High incidences of NBLS in the first crop has also been shown to decrease yield of 
crawfish production. This is probably due to the high levels in the first crop infecting the newly 
formed tillers, causing the plants to become necrotic and decompose more rapidly. This could 
affect the ecosystem of the crawfish and results in an overall decrease in crawfish yield (Famoso, 
personal communication). 
1.5. Major Diseases in Louisiana Rice Production 
 
One of the biggest hurdles in rice breeding programs is developing rice varieties that are 
resistant to the various diseases. Severity of infection of these diseases is determined by the 
disease triangle; virulence of the pathogen, susceptibility of the host and presence of favorable 
environmental conditions (Agrios, 2005). Some of the major diseases in U.S. rice production 
include bacterial panicle blight (Burkholderia glumae), sheath blight (Rhizoctonia solani) and 
rice blast (Pyricularia grisea). In addition to these major diseases narrow brown leaf spot 
(Cercospora janseana) has increasingly become more of a problem in the last 13 years. 
  Bacterial panicle blight (BPB) is a disease caused by the bacterium Burkholderia glumae. 
It was first reported in Japan in 1967 with major outbreaks occurred in 1995, 1998, 2000 and 
2011 in the U.S. An increase of disease pressure is observed with increasing night temperatures. 
Under favorable conditions for disease development, yield losses of ~40% have been observed. 
BPB is a seed-borne disease with the only real means of control being the use of pathogen free 
seed (Louisiana Rice Production Handbook, 2014).  
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Sheath blight is a fungal disease caused by Rhizoctonia solani. Sheath blight is one of the 
most severe diseases and infects both rice and soybeans (Aerial Blight). The rotation of rice and 
soybean is a common practice in Louisiana so inoculum for the disease is normally present in the 
field. Disease severity has been shown to increase with the greater use of N fertilizer as well as 
more dense canopies from a result of broadcast seeding. The application of fungicides with the 
active ingredients azoxystrobin or propiconazole have been shown to be the best control for the 
disease. The application should be made during the panicle differentiation stage and heading 
stage to avoid the most economic losses (Uppala and Zhou, 2018a; b).  
Rice blast is cause by the fungal pathogen, Pyricularia grisea, and is the most important 
disease affecting rice production in Louisiana and around the world. Blast lesions can form on 
virtually all parts of the plant with the most notable lesions occurring on the leaves. P. grisea has 
the ability to overwinter as mycelium and spores on residue left in the field and these serve as the 
primary inoculum source for the following year of production. Infection favors a combination of 
long periods of moisture, warmer days and cooler nights. Blast is one of the hardest diseases to 
manage. The farmer must manage the disease by rotating crops to remove the overwintering 
spores in the field. In addition to an efficient crop rotation system, excessive fertilization should 
be avoided because it has been shown to increase the amount of inoculum in the field, which 
leads to higher levels of severity. Fungicides can be used to decrease the incidence of lesions 
forming on the leaves and panicles during heading but has not shown to be highly effective in 
eliminating the disease in the field (TeBeest et al., 2007; Louisiana Rice Production Handbook, 
2014). The utilization of genetic resistance has been the most effective way to combat blast. 
Many genes including Pita, Piz, Pik, Pib and Pi9 have been identified and utilized in marker 
assisted selection in applied breeding programs (Yan et al., 2017). Though these have been an 
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effective way of resistance these are single genes and as new races of the pathogen arise, these 
gene can be overcome. 
1.6. Narrow Brown Leaf Spot 
 
Narrow Brown Leaf Spot (NBLS) was a relatively minor disease in the U.S. until 2006 
when a major epidemic occurred in Louisiana when roughly 50% of the total acreage was 
infected by the pathogen. This was due to the most prominent varieties grown that year being 
either susceptible or moderately susceptible to the disease (Groth and Hollier, 2010; Louisiana 
Rice Production Handbook, 2014). Most recently, Arkansas reported increasing incidence and 
severity of NBLS raising even more concern about the disease (Hardke et al., 2019).  
Despite NBLS becoming a greater problem, little is known about the disease. It is caused 
by the fungus Cercospora janseana and was first reported in 1900 under a different name 
Napicladium janseanum Racib. It was first mentioned in North America in 1906 under the name 
Cercospora oryzae Miyake. In 1982 the pathogen was renamed Cercospora janseana (Racib.) O. 
Const. in honor of the previous scientist who discovered the pathogen (USDA, ARS, Fungal 
database; Hollier, 1992). Cercospora spp. is also able to infect several other hosts including 
soybean (C. kikuchii) (Soares et al., 2015; Borges et al., 2018), maize (C. zeae-maydis) (Crous et 
al., 2006), sugar beat (C. beticola) (Khan et al., 2008), peanut (C. arachidicola) (Woodward et 
al., 2010), carrot (C. carotae) (Westerveld et al., 2008) and celery (C. apii) (Bounds and 
Hausbeck, 2008). 
C. janseana can infect the leaf sheaths, leaf blades, internodes and panicles of the rice 
plant. The most recognizable symptoms occur on the leaf blades and sheaths where narrow, 
linear, reddish-brown lesions can be observed. Severe incidences of the disease can result in leaf 
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necrosis, yield reduction and lower milling quality. Scoring the disease is done by observing the 
leaf blades (Groth and Hollier, 2010; Louisiana Rice Production Handbook, 2014; Uppala et al., 
2019). Ratings range from 0 to 9 based on number and size of lesions; 0 = no lesions, 1 = pin-
head lesions, 2 = dark brown speck that are 0.5 to 1.0 mm in diameter, 3 = linear reddish-brown 
spots that are 1 – 2 mm in length, 4 = ≤15 lesions per leaf that are 3 – 4 mm in length, 5 = ≤25 
lesions per leaf that are 5 – 6 mm in length, 6 = 25 to 50 lesions per leaf that are 7 – 10 mm in 
length, 7 = <75 lesions per leaf that are 10 – 20 mm in length, 8 = 75 to 100 lesions per leaf with 
less than 25% of leaf area killed by overlapping lesions, 9 = >100 lesions per leaf with more than 
25% of leaf area killed by overlapping lesions (Groth et al., 1993). 
 Like sheath blight and Rice blast, spores for NBLS overwinter in residue in the field and 
serve as the primary inoculum for infection. Though few studies have been conducted measuring 
effective management strategies for controlling NBLS, planting date and fungicide timing has 
been shown to decrease disease severity. Onset and severity of disease was observed to be earlier 
and greater in late planted rice in comparison to early planted rice. Though the reason is 
unknown it is speculated that it is due to later planted rice may be exposed to higher levels of 
inoculum from infected weeds and earlier planted rice (Mani et al., 2016, 2017). Fungicides 
containing the active ingredient propiconazole have the greatest impact on reducing the 
incidence and severity of the disease. Fungicide application can be done at panicle initiation or 
early boot stage for early planted rice. For late planted rice, fungicide application should be done 
at panicle initiation for best control (Mani et al., 2016).  
Narrow brown leaf spot is particularly a problem in ratoon crop of rice due to the amount 
of inoculum from the initial harvest. The second crop is economically beneficial to the farmer 
due to the low input cost. As a result of the relatively low yield of the second crop, spraying 
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fungicides may not be in the farmer’s best interest because the money made on the second crop 
does not outweigh the cost of production. With the increase of ratooning potential in northern 
Louisiana and other rice production areas due to warmer temperatures comes a potential increase 
of the prevalence and severity of NBLS. This increases the need for more studies identifying 
genetics resistance for C. janseana. 
 There is no known gene for resistance to NBLS. Discovering genes for resistance to 
NBLS is difficult due to researchers relying on natural disease pressure. This can very unreliable 
due to the varying disease pressure from year to year. To truly understand the epidemiology of 
NBLS the ability to culture the disease on agar and produce uniform inoculum is vital. The 
fungal growth on typical agars such as potato dextrose agar (PDA) and prune juice agar (PJA) is 
slow, unreliable and provide sparse colonies (Mew and Gonzales, 2002; Uppala et al., 2019). 
Successful sporulation and growth was achieved using 10% V8 agar but only on one isolate of 
fresh rice leaves (Uppala et al., 2019). The ability to isolate the disease can help to identify the 
races that exist. Single genes that explain a large amount of variance for resistance generally only 
confer resistance to a single race of the pathogen. This is unreliable due to the eventual 
development of new races that will overcome these single genes. A reliable method of producing 
conidia can ensure effective inoculation and consistent disease pressure from year to year, which 
is crucial for the identification of resistance genes for races of C. janseana that could develop in 
the future. 
1.7. Rice Domestication 
 
Rice (Oryza sativa) was domesticated roughly 10,000 years ago from pre-differentiated 
gene pools of the wild grass species Oryza rufipogon (Kovach et al., 2007). The gene pools, 
Indica and Japonica, are hypothesized to have diverged between 200,000 – 400,000 years prior 
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to their domestication (Cai and Morishima, 2002; Ma and Bennetzen, 2004; Vitte et al., 2004). 
The domestication of these two variety groups is a topic of debate with no real consensus on 
whether of not they were domesticated  from a single independent event or not (Kovach et al., 
2007). It has also been suggested that domestication could be a combination of a single event 
followed by introgression of alleles (Bradbury et al., 2005) while others suggest that Japonica 
was domesticated first and Indica was derived from a cross between Japonica and wild rice in 
south Asia (Fuller et al., 2010; Molina et al., 2011; Huang et al., 2012; Choi and Purugganan, 
2018). Several studies have identified five genetically distinct subpopulations within these 
varietal groups. The Indica varietal group contains the indica and aus subpopulations and the 
Japonica varietal group contains the temperate japonica, tropical japonica, and aromatic 
subpopulations (Glaszmann, 1987; Garris et al., 2005; Kovach et al., 2007; Civán et al., 2015). 
The aromatic group was previously assumed to be closely related to the indica types based on 
the similarity of  the grain but more recent research utilizing SSRs demonstrates that the 
aromatic subpopulation is more genetically associated with the japonica subpopulation 
(Sweeney and McCouch, 2007). Rice breeding germplasm in the U.S. is primarily of the 
Japonica varietal group, with long grain germplasm generally belonging to the tropical japonica 
subpopulation and the medium grain germplasm containing both tropical and temperate japonica 
ancestry. 
1.8. Rice Genetics 
 
Oryza sativa is a diploid species (AA) consisting of 12 chromosomes (2n = 2x = 24) 
(Sleper and Poehlman, 2006). The rice genome is an estimated 400 to 430 Mb, smaller than all 
other major cereal crop genomes. As a comparison, the wheat genome is estimated 16 Gb which 
is 37 times the size of the rice genome (Eckardt, 2000). Due to the global importance of rice, The 
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International Rice Genome Sequencing Project (IRGSP) was established in 1998 to take on the 
task of mapping the rice genome. In December 2002, the IRGSP released a high-density, map-
based draft sequence of the rice genome (International Rice Genome Sequencing Project, 2005). 
The draft sequenced released from IRGSP was built upon the work of the Monsanto Rice 
Genome Sequencing project which released a draft genome for rice cultivar Nipponbare in early 
2000 (Barry, 2001). Whole-genome shotgun assemblies genome drafts have also been published 
for Oryza sativa subspecies indica (Yu et al., 2005) and japonica (Goff et al., 2005).  
Several databases are available in rice such as Gramene (http://www.gramene.org), Rice 
Genome Annotation Project (Kawahara et al., 2013), Ricebase (Edwards et al., 2016) and IRRI 
SNP-Seek database (Alexandrov et al., 2015; Mansueto et al., 2017) that contain open-source, 
extensive whole-genome sequences and annotation data. The relatively small genome and the 
whole-genome sequences make rice a model organism for genetic discoveries. These databases 
contain information for over 20,000 QTL and on 30,000 – 60,000 genes (Kawahara et al., 2013; 
Gramene, 2019a; b). Many of the gene identified are for key agronomic breeding traits such as 
height, grain size, grain shape, disease resistance as well as key quality traits such as 
gelatinization temperature, amylose and aroma have been discovered. Other locus can be 
discovered and validated using mapping populations, haplotype analysis of sequence data, and 
discovery panels. These QTL and gene discoveries aid breeders in the selection of superior rice 
varieties. 
1.9. Rice Breeding Program Overview 
 
The H. Rouse Caffey Rice Research Station (HRCRRS) rice breeding program is divided 
into five major sections; breeding crosses, single plant selections, progeny row selections, 
preliminary yield testing, and multi-location yield testing. Priorities within the breeding program 
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are largely influenced by market demands. Selections are made on a range of traits that satisfy 
the key markets in the rice industry. Breeding targets are categorized by the capacity of the 
phenotyping method and the genetic complexity of the trait. The capacity of phenotyping is 
influenced by the accuracy, throughput, and cost of the phenotyping method. For example, 
herbicide tolerance is a qualitative trait with a high phenotyping capacity. It is relatively low cost 
and is easy to observe after the herbicide is applied. On the other hand, yield is controlled by 
multiple genes with a relatively low accuracy for one measurement. The high genotype by 
environmental interaction results in the necessity of phenotyping across multiple year and 
locations, which is costly. The genetic architecture of the trait also plays an important role on 
breeding strategies. Traits controlled by one or few genes that have high heritability can be 
selected for in early generations with fewer replication of the given line. Traits controlled by 
many genes are selected in later generations due to the decrease of the total lines being tested but 
the increase in replications and locations.  
Crosses in the breeding program are performed for specific target traits and priorities. 
This is accomplished by crossing elite lines by elite line to combine their favorable genetics or 
elite line by a line with a specific trait of interest. Around 400 crosses are made in the 
greenhouse at the beginning of the breeding cycle. Roughly ~250 crosses move forward within 
the breeding program as F1s and are planted in the greenhouse. Between 100 to 200 populations 
are selected from the F1s and planted in the field as F2/F3s. These F2/F3s can have between 
1,000 to 2,000 plants per populations. As a result, between 100,000 to 200,000 un-replicated 
lines are planted in the field for a given year. Due to the large number of lines and a limited 
number of replications, the accuracy of the phenotypes collected is low and the specific traits that 
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can be selected upon are limited to highly heritable, observational traits such as height, grain 
shape, maturity and disease resistance.  
Lines selected in single plant selections are planted as progeny rows the following year. 
Progeny row selections takes place in the F3, F4 and F5 generations. Roughly 100 populations 
are planted as progeny rows for a total of ~30,000 rows per year. These rows are planted in one 
location and in one replication. As a result, the selections made on these rows are again limited 
to observational traits. After progeny rows, selected lines move to the preliminary yield testing 
stage. The preliminary yield testing consists of ~75 populations with only 10 to 50 entries per 
family with a cut off of ~2,000 total entries per year. This preliminary yield testing stage is the 
first look at a line in a plot and is planted in one location in two replications. Traits measured at 
this stage are quantitative traits that are highly influenced by the environment such as yield, 
milling quality and chalk. 
Two hundred lines from the preliminary yield test move into multi-location yield testing 
with the first stage of regional yield testing. Regional yield testing is conducted in three in-state 
locations with two replications per location. Regional yield testing is the first look at a line 
across multiple environments and is the first measurement of the genotype by environmental 
interaction of the line. Traits such as yield are controlled by many genes and are highly influence 
by the environment, therefore multilocation testing is essential for obtaining a “true” assessment 
of the line. After regional testing, lines move into further multi-location yield testing. The next 
steps of multi-location yield testing is broken down into advanced yield testing one and advanced 
yield testing two. Advanced yield testing one consist of the top 35 entries selected from the 
region yield test. Advanced yield testing two is an additional screening of the top (~10) lines 
from advanced yield testing one. 
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In addition to testing within the breeding program, collaborations with other breeding 
programs are essential to the continuing success of the breeders’ own program. The uniform 
regional nursery and commercial advance test are regional tests in collaboration with other rice 
breeding programs at Arkansas, Mississippi, Texas, California and Missouri. The same lines in 
the advance yield testing are tested within these collaborative tests and serve as addition 
screening of the advanced lines. Together they consist of 60 total entries, 45 of the entries are 
experimental lines while 15 are performance checks. These tests are unique in the way that they 
are planted across multiple locations (both in state and out of state) and replications. 
1.10. Incorporation of Molecular Breeding Approaches 
 
Following traditional rice breeding strategies, it takes 7-10 years from the initial cross to 
the release of rice variety. The efficiency of a traditional program is low due to most of the 
experimental lines not advancing during the process of selection. Through the process of 
selection the program will go from the ~100,000 to 200,000 entries in the single plant selection 
stage to potentially only releasing one or two varieties from that generation. The relative low cost 
and ease of genotyping has paved the way for new breeding technologies. With the integration of 
breeding technologies such as marker assisted selection (MAS) and genomic selection (GS), 
breeders can make more informed selections and decrease the number of undesirable lines in the 
field.  
Traits having specific gene targets are ideal candidates for marker assisted selection 
(MAS). The markers serve as flags to screen lines for the presence or absence of genes 
controlling traits of interest. MAS is primarily done during the single plant selection (F2/F3s) 
stage to select for specific gene targets that are qualitatively inherited and/or have a large effect. 
MAS is utilized within the HRCRRS rice breeding program to screen ~20,000 plants for several 
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traits including height, herbicide type, grain type, and various blast resistance genes. MAS is 
used to differentiate long grain from medium grain types. It is also used to distinguish herbicide 
types; Conventional, Clearfield and Provisia. The implementation of MAS has increased the 
number of plants with desirable traits by 2-3 times that of normal field evaluation. 
Genomic selection (GS) is also a new technology that can be applied by breeders to help 
improve the efficiency of selection. GS is a type of marker-assisted selection and was first used 
in the animal science industry to estimate breeding values based on genome wide marker data 
(Meuwissen et al., 2001; Goddard and Hayes, 2007). GS leverages genotypic and phenotypic 
data of a training population to predict the phenotypic performance of validation population. The 
training population is a set of lines that represent all the parental genetics in the breeders’ 
germplasm pool. The validation population consisted of potential lines that that have genotypic 
data but no phenotypic data (used in the model). The idea is to predict the phenotypic 
performance of the validation set without phenotyping these lines in the field. GS can reduce the 
overall cost and time by allowing the breeder to test fewer lines due to the lines containing the 
most favorable genetics for the environment (Crossa et al., 2017). The implementation of GS in 
the rice program can be done at all stages. In early generation it is used to predict the yield of 
potential breeding crosses before they are made. GS is used to accurately predict performance for 
complex traits such as yield, milling quality and chalk. The efficiency increases due to the 
screening of experimental lines is focused on the best candidates for potential release while 
reducing the number of lines that will be trashed due to unfavorable characteristics. 
In addition to using markers for MAS and GS, markers are also utilized for task such as 
characterization of potential parental lines, validation of correct crosses, gene pyramiding of 
disease resistance genes, and checking purity of selections throughout the breeding stages. 
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Before a cross is made markers are used to characterize the potential parents to ensure favorable 
combination of genes in the progeny. Once the cross is made markers are used to ensure the 
cross were made correctly and did not results in a self-ed plant. Markers are also key in the 
pyramiding blast genes in early generations to ensure more reliable resistance due to the 
experimental line not relying on a single gene. Markers are also utilized throughout the breeding 
program to maintain purity of the selected lines from one generation to the next.  
1.11. Identification, Development and Validation of SNP Markers for Breeding 
 
The integration of markers within traditional breeding programs help breeders in the 
selection process. Though many gene targets have been identified, developing SNP markers for 
the specific germplasm is key. Several processes can be utilized in rice for the identification, 
development, and validation of SNP markers for both previously discovered genes and novel 
genes.  
Haplotype analysis of publicly available sequence data is one way to identify markers for 
selection. Using already published gene data along with sequence data similar to the IRRI SNP-
Seek database the breeder can obtain all SNP markers data within the region of interest 
(Mansueto et al., 2017). A breeder can set certain criteria and analyze the data to determine the 
genetic architecture of a trait across a global diversity panel. The goal is to identify a minimal 
SNP set that can distinguish all the haplotypes from one another. The haplotypes within the 
global diversity panel should represent all possible haplotypes within the target germplasm. 
Markers distinguishing the favorable haplotypes from the less favorable haplotypes can be 
utilized as trait markers  
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Though many loci for key breeding traits in rice have been identified and are utilized in 
breeding programs, several loci have yet to be discovered. Discovering novel loci can be done 
using a recombinant inbreed line (RIL) population that was formed from a cross between two 
parental lines that differ for the trait(s) of interest. Quantitative trait loci (QTL) mapping can be 
performed to statically associate the allelic variation of a marker with the phenotypic variation 
observed in the population. Once a QTL has been identified, adding additional makers to the 
region of interest for further fine mapping can help to shorten the region and allow the breeder to 
identify the actual causal gene. Markers explaining the largest amount of phenotypic variance for 
the trait of interest are the best candidates for utilization as a trait SNP marker for selection. 
Both SNP markers identified using haplotype analysis and QTL mapping need to be 
validated within a germplasm panel. This panel consist of breeding materiel relevant to the 
breeding program. This includes historical breeding lines, parental breeding material and 
experimental lines. Validating the trait markers in a germplasm panel is a better indicator of the 
variance explained by the SNP markers. SNP markers that explain the most phenotypic variance 
within the germplasm panel are the best candidates for trait SNP markers. 
1.12. Justification of Current Project 
 
The overall objective of this research project is to improve the efficiency and accuracy of 
early generation selection and facilitate characterization of germplasm in rice breeding programs 
in Louisiana and the United States. The specific focus will be on the discovery, validation, and 
deployment of native trait markers for both aroma and NBLS resistance. 1) Aromatic varieties 
are becoming increasing popular and aroma is a difficult trait to phenotype for a large number of 
entries. With the utilization of publicly available sequence data, haplotype characterization of the 
global diversity of the known gene, BADH2, can be applied to program specific germplasm. This 
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information was applied to U.S. specific rice lines to determine the genetic architecture of aroma 
in the U.S. rice germplasm. This ultimately led to a trait SNP marker that was identified and 
deployed for aromatic rice selection. 2) Narrow brown leaf spot (NBLS) is one of the most 
important rice diseases and has the potential of becoming more relevant due to the increasing 
temperatures. With the increasing temperatures, ratooning could become even more common 
practice in rice production systems which could ultimately increase the prevalence of the disease. 
This research led to the discovery of a novel, single gene controlling NBLS resistance and 
demonstrates how bi-parental mapping can be used in conjunction with targeted association 
mapping to discover and characterize new loci and SNPs across the breeding germplasm. This 
method provides validation that the newly discovered gene locus controls the trait and that the 
reported SNP locus accurately predicts the resistant/susceptible allele across the target breeding 
germplasm pool. By validating the loci across a germplasm pool that includes all likely breeding 
parents, breeders can confidently deploy this SNP locus for applied breeding applications for 
selection and characterization of resistance to NBLS. 
  
22 
 
Chapter 2. Characterization of Haplotype Diversity in the BADH2 Aroma 
Gene and Development of a KASP SNP Assay for Predicting Aroma in U.S. 
Rice 
 
2.1. Introduction 
 
Rice is a staple crop that provides the largest amount of daily caloric intake for human 
populations globally. Most rice is consumed in the country where it was produced, with only 7% 
of rice production entering the global export market (Giraud, 2013; Muthayya et al., 2014). 
Aromatic varieties account for a significant portion of the export market and include widely 
recognized types, including Jasmine and Basmati rice. These two types make up the bulk of the 
aromatic rice global production (Annex, 2011; Giraud, 2013; Mahajan et al., 2018). The USDA 
forecast imports of rice for the United States to be 27 million hundredweight (cwt) in 2018, with 
the bulk of these imports (23.5 million cwt) being aromatic, long-grain varieties classified as 
either Jasmine or Basmati types (Baldwin and Childs, 2018). 
The genetic relationship between fragrant rice varieties and other subpopulations of rice 
has become clearer with the use of molecular markers. Rice (Oryza sativa) was domesticated 
roughly 10,000 years ago from pre-differentiated gene pools of the wild grass species Oryza 
rufipogon (Kovach et al., 2007). The gene pools, Indica and Japonica, are hypothesized to have 
diverged between 200,000–400,000 years prior to their domestication (Cai and Morishima, 2002; 
Ma and Bennetzen, 2004; Vitte et al., 2004). Several studies have identified five genetically 
distinct subpopulations within these varietal groups. The Indica varietal group contains the 
indica and aus subpopulations, and the Japonica varietal group contains the temperate japonica, 
tropical japonica, and aromatic subpopulations (Glaszmann, 1987; Garris et al., 2005; Kovach et 
al., 2007; Civán et al., 2015; McCouch et al., 2016). The aromatic subpopulation was previously 
assumed to be most closely related to the indica types based on the morphological similarity of 
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the grain, but research utilizing simple sequence repeats (SSRs) demonstrated that the aromatic 
subpopulation was genetically more closely related to the japonica than the indica subpopulation 
(Sweeney and McCouch, 2007). Today, based on re-sequencing studies, the aromatic 
subpopulation is interpreted to be an ancient admixture between temperate japonica and aus, 
with a minor dose of indica ancestry (Civán et al., 2015) . In the United States, most rice 
germplasm belongs to the Japonica varietal group, with long-grain germplasm associated with 
the tropical japonica subpopulation and medium-grain germplasm containing both tropical and 
temperate japonica ancestry (Lu et al., 2005; Zhao et al., 2011). 
Thirteen fragrant rice varieties have been developed in the United States, with the 
fragrance trait derived from several different aromatic varieties that were introduced into U.S. 
breeding germplasm. The first fragrant variety released in the United States, Delitus, was a 1918 
plant introduction from France, released from the H. Rouse Caffey Rice Research Station in 
Crowley, LA (Linscombe and Famoso, 2017). Delitus is the source of fragrance for the U.S. rice 
variety Della, which was subsequently used to breed several additional fragrant varieties, such as 
Della-2, Dellrose, Dellmont, and Dellmati (Bollich et al., 1993; Jodari et al., 1996, 2003; Sha et 
al., 2013). The fragrant variety, Sierra, is a basmati type that was released in Texas and inherited 
its fragrance properties from Basmati 370 (McClung, 2018). The California varieties Calmati-
201 and Calmati-202 both inherited fragrance from basmati-type varieties (CCRRF, 2018). Plant 
introductions of Jasmine 85 (Marchetti et al., 1998) from the Philippines and 96A-8 from China 
were used as sources of Jasmine type aroma (Sha et al., 2011) in three Jasmine-type varieties 
released in Louisiana, including Jazzman (Sha et al., 2011), Jazzman-2 (Sha et al., 2012), and 
CLJ01 (Horizon Ag, 2018). 
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The method for detecting fragrance in rice was initially scent-based, involving KOH and 
ground leaf or stem tissue (Sood and Siddiq, 1978). The component, 2-acetyl-1-pyrroline (2AP), 
was subsequently identified as the key factor of the aromatic qualities present in fragrant rice 
varieties (Buttery et al., 1982), and a method was developed for quantifying 2AP with gas 
chromatography (GC) (Petrov et al., 1996). A strong correlation was observed between the GC 
method and the standard human scent technique, with the GC method demonstrating less 
subjectivity and increased accuracy (Lorieux et al., 1996). Although GC is a reliable method, the 
throughput is relatively low, and it is cost prohibitive in the context of an applied breeding 
program where large sample numbers are typical. 
A major gene (fgr) was detected for 2AP content on Chromosome 8 and confirmed in 
multiple studies explaining up to 69% of the variation for 2AP (Jodon, 1944; Ahn et al., 1992; 
Lorieux et al., 1996; Chen et al., 2006). The underlying gene is a betaine aldehyde 
dehydrogenase gene (BADH2), and the functional mutation was demonstrated to be an 8-base 
pair (bp) deletion located in the seventh exon of the gene (Bradbury et al., 2005). The proposed 
pathway of 2AP production begins with proline being catabolized via putrescine into y-
aminobutyraldehyde (AB-ald), which is a substrate of BADH2. A functioning BADH2 enzyme 
converts AB-ald into y-aminobutyric acid (GABA). Fragrant rice lacks a functioning BADH2 
enzyme which causes an accumulation of AB-ald. Due to the inability of the enzyme to convert 
AB-ald into GABA, an increased synthesis of 2AP results from the accumulated AB-ald being 
acetylated (Bradbury et al., 2008; Chen et al., 2008). Although 10 different alleles have been 
reported that appear to confer fragrance, the 8-bp deletion is the most predominant fragrance 
allele. The 8-bp indel was present in 93/124 (80%) diverse fragrant varieties from around the 
world, including common fragrant varieties, such as KDML105, Basmati, Della, and Jasmine 85 
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(Kovach et al., 2009). The discovery of the 8-bp functional deletion facilitated the development 
of an insertion/deletion (indel) DNA marker for use in research and breeding applications 
(Bradbury et al., 2005). 
The fact that a single gene controls a large proportion of the phenotypic variation for 
aroma and that the cost and throughput of the phenotyping is a limitation in the breeding of new 
aromatic line, makes this an ideal trait for marker assisted selection. With an increasing interest 
in the development of fragrant varieties for U.S. rice production, the availability of a low-cost, 
high throughput, single nucleotide polymorphism (SNP)-based DNA marker suitable for 
screening US breeding material for fragrance would be of immediate utility for applied breeding 
programs. The objectives of this research were to 1) characterize the haplotype diversity of the 
BADH2 gene across O. sativa, 2) determine which BADH2 haplotypes/alleles are present in U.S. 
rice germplasm, and 3) develop and validate a SNP-based KASP assay (LGC Group, 2016) 
informative across U.S. breeding germplasm and useful for high-throughput genotypic selection 
for fragrance in US breeding programs. 
2.2. Materials and Methods 
 
2.2.1. Haplotype Variation in BADH2 in the 3K Genomes Dataset 
 
SNP variation across the BADH2 (LOC_Os08g32870) gene was obtained from the 
International Rice Informatics Consortium (IRIC) SNP-Seek database, from the “3kAll” SNP 
dataset (http://snp-seek.irri.org/) (Mansueto et al., 2017). SNP data points with heterozygous 
allele calls were classified as missing data. SNPs with >100 total missing data points were 
excluded from haplotype characterization. The graphical genotyping and haplotype visualization 
software Flapjack (Milne et al., 2010) was used for initial haplotype grouping and 
characterization. Final haplotype characterization and assignments were conducted in Microsoft 
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Excel. Haplotypes were defined based on a SNP similarity of >0.99, with genotypes having three 
or less SNPs different being grouped as a haplotype class. Haplotypes that were present in less 
than 5% of the genotypes were defined as rare and subsequently omitted from haplotype 
analysis. Haplotype groups that contained genotypes that differed by three or less SNPs were 
further divided into subgroups. Subgroups were defined by all genotypes having identical SNP 
data and the haplotype being present at a minimal frequency of 1% of the total genotypes within 
the haplotype group. These haplotype subgroups were designated with an A, B, or C. If a 
subgroup did not consist of 1% of the total number of haplotypes for the subpopulation, it was 
considered extremely rare, and was designated with as “X”. Genotypes that had missing data for 
the key SNPs and could not be accurately classified were designated as unclassified (U). 
2.2.2 US Rice Germplasm Panel 
 
The U.S. rice germplasm panel consisted of 370 accessions that represent all modern 
southern U.S. rice breeding germplasm, including modern varieties, parental lines, and advanced 
breeding materials. The panel includes 28 aromatic lines and offspring derived from pedigrees 
that include all known aromatic sources used in U.S. breeding. The panel consists of germplasm 
from Louisiana (131), Arkansas (93), Texas (75), Mississippi (44), and California (8). The 
international diversity is comprised of germplasm from Italy, Japan, Brazil, Taiwan, and 
Uruguay. The panel includes short- (7), medium- (45), and long-grain (290) rice accessions as 
well as a collection of herbicide resistance classes. 
2.2.3. Minimum SNP Set 
 
To identify a minimal subset of SNPs that could unambiguously differentiate the BADH2 
haplotypes found in the 3K genomes, the 255 SNPs found within the BADH2 gene were 
analyzed across the 11 haplotypes present in the 3K accessions. SNPs were sorted in by minor 
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allele frequency among the 11 haplotype groups and a SNP was selected one at a time to 
distinguish the haplotype groups. Upon each SNP selection the haplotype groups were further 
distinguished, and the subsequent SNP selection was based on the SNPs capacity to distinguish 
any haplotype groups that were yet to be differentiate by the minimum SNP set. A set of 8 SNPs 
(designated SNP2 – SNP9) was identified that could successfully distinguish all of the 
haplotypes, with the exception of hap 7 and hap 9, rare aus haplotypes which could not be 
distinguished. We next sought to identify a single SNP that would be diagnostic of Haplotype 6 
(Hap 6), the haplotype carried by a majority of lines known to be fragrant. None of the SNPs 
within the BADH2 gene met this criterion, and we therefore examined the 10-kb sequence on 
either side of the BADH2 gene to identify a SNP (designated SNP 1) that would uniquely 
distinguish Hap 6. 
2.2.4. KASP Assay Development and Genotyping 
 
KASP assays were designed through LGC genomics (LGC Group, 2016) to interrogate 
the nine SNPs used to differentiate BADH2 haplotype groups (described above). An additional 
KASP assay was designed to interrogate the previously reported functional 8-bp deletion in the 
BADH2 gene (Bradbury et al., 2005). KASP assay genotyping was performed using the LGC 
SNPline system following standard KASP protocols (LGC Group, 2016) at the H. Rouse Caffey 
Rice Research Station (HRCRRS). Leaf tissue was collected from flag leaf of field grown plants 
and DNA was extracted using a modified CTAB method (Khan et al., 2013). 
2.2.5 Analysis of Fragrance 
 
A subset of 40 varieties were selected from the U.S. germplasm panel and phenotyped for 
fragrance. These varieties represent all six of the haplotype classes observed in US germplasm, 
and 28 fragrant rice varieties that represent all known pedigree sources of aroma in US 
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germplasm. Seeds were obtained from panicle rows grown at the HRCRRS in 2017. Five grams 
of milled rice of each line were prepared by grinding with a Cyclone Sample Mill (UDY 
Corporation). The 2AP concentration was determined using gas chromatographic separation on a 
Shimadzu GC-2010 Plus System (Shimadzu, Columbia, MD) with a flame thermionic detector 
(FTD). Data were collected on three replications per sample, and the average value was assigned 
for the 2AP concentration. 
2.3. Results 
 
2.3.1. BADH2 Sequence and Haplotype Diversity in O. sativa 
 
To characterize the extent of sequence variation across the BADH2 gene, we examined 
the SNP-Seek database containing re-sequencing information for a collection of 2,932 (hereafter 
referred to as 3K) diverse varieties of O. sativa (http://snp-seek.irri.org). A total of 297 SNPs 
were identified in the BADH2 (LOC_Os08g32870) gene. Filtering for heterozygous calls and 
missing data eliminated 42 SNPs, leaving 255 SNPs that were utilized for construction of 
BADH2 gene haplotypes. Eleven haplotype groups were identified. All but 143 accessions 
(4.8%) could be classified into one of the 11 haplotype groups. Accessions that could not be 
classified included 74 that had rare haplotypes (present at a frequency of 2.5%), and 69 that were 
unclassified due to missing data (>100 data points missing).  
Haplotype 1 (Hap 1) was the most common haplotype in the dataset, present in 892 
(30%) accessions. It was the most frequent haplotype in indica (42%; n=749), and the second 
most frequent haplotype in the tropical japonica subpopulation (26%; n=121) (Table 2.1.). 
Haplotype 2 (Hap 2) was the second most common haplotype in the 3K genomes dataset, present 
in 755 (26%) accessions. It was the predominant haplotype within the Japonica varietal group 
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(70%; n=586), present in 96% of temperate japonica and in 60% of tropical japonica accessions 
(Table 2.1.). 
Haplotypes 3, 4, 5, 7, 8, 9, 10 and 11 were predominantly carried by indica or aus 
accessions, as summarized in Table 2.1. These haplotypes were relatively minor (0.7 – 7%) in 
the dataset as a whole, but are consistent with observations that there is greater genetic variation 
in indica and aus than in the tropical japonica and temperate japonica subpopulations of O. 
sativa (Kovach et al., 2009; Zhao et al., 2011; Huang et al., 2012; McCouch et al., 2016). 
Haplotype 6 (Hap 6) was rare in the 3K genomes (5.8%; n=171), but it was the most 
common haplotype within accessions belonging to the aromatic subpopulation (51%; n=38). 
Hap 6 was absent in aus, and found at relatively low frequencies in the other subpopulations 
(1.3% in temperate japonica, 3.6% in indica, 11% in tropical japonica). The aromatic 
subpopulation is underrepresented in the 3K genomes dataset compared to the other 
subpopulations, representing only 75 (2.6%) accessions. Due to the relatively lower 
representation, there is a bias in the number of Hap 6 containing accessions across 
subpopulations in this study (aromatic=22%, indica= 38%, and tropical japonica=31%) (Table 
2.1.). Known fragrant accessions such as Domsiah, Basmati 1, Gerdeh, and the Thai Jasmine 
variety, Khao Dawk Mali 105, all carried Hap 6 and all had been documented to contain the 
functional 8-bp deletion causing fragrance in rice (Mahatheeranont et al., 2001; Bradbury et al., 
2005; Kovach et al., 2009). Based on these observations, it was hypothesized that Hap 6 carries 
the functional 8-bp deletion that is responsible for the fragrant phenotype, and that all Hap 6-
containing accessions would be phenotypically fragrant. 
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To confirm this hypothesis, we first interrogated the SNP-Seek database to find 
accessions carrying the 8-bp deletion. The deletion was observed in 128 of the 3K accessions, all 
of which were classified as carrying Hap 6, but interestingly, 43 Hap 6-containing accessions in 
SNP-Seek did not appear to carry the deletion. Among these accessions were two well-known 
accessions, Khao Dawk Mali 105 and Nerica 1 which are known to be fragrant. Previous studies 
had clearly documented these two fragrant varieties did, in fact, carry the 8-bp deletion (Kovach 
et al., 2009; Asante et al., 2010).
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Table 2.1. Haplotype Characterization the BADH2 Gene Across Global Rice Diversity Panel 
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 Subpopulation Ancestry* 
+
SNP1 SNP2 SNP3 SNP4 SNP5 SNP6 SNP7 SNP8 SNP9 
Hap Group Aus Indica Admix
ꞩ
 ARO. TEJ. TRJ. Japx Total ^601 548 536 603 531 849 852 855 N/A 
1 1 749 12 0 1 121 8 892 G A G G A G G T C 
2 2 148 19 26 215 281 64 755 G T A G A C G T C 
3 0 201 1 0 1 0 0 203 G A G A A C C T C 
4 9 183 5 0 0 0 0 197 G A G G A G C T C 
5 1 186 5 2 0 1 0 195 G T G G A C C T C 
6 (aromatic) 0 65 9 38 3 53 3 171 T T A G A C C T C 
7 97 11 6 0 0 0 0 114 G A G G A C C T C 
8 0 89 2 1 0 2 0 94 G A G G G G G T C 
9 63 13 6 3 0 0 0 85 G A G G A C C T C 
10 1 39 6 0 2 4 0 52 G A G G A G G T T 
11 3 22 6 0 0 0 0 31 G A G G A G C C C 
R 22 42 6 2 0 2 0 74 - - - - - - - - - 
U 2 41 16 3 2 3 2 69 - - - - - - - - - 
Total 201 1789 99 75 224 467 77 2932                   
*Subpopulation assignments based on SNP Seek assignments, with all Indica subgroups classified as Indica 
ꞩ
Admix, admixture; ARO, aromatic; TEJ, temperate japonica; TRJ, tropical japonica; Japx, japonica admixture 
&
SNP positions are based on IRGSPv.1 
^represents the LSU KASP SNP ID, SNP9 was not developed into a KASP assay 
+
represents the SNP ID used throughout manuscript 
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2.3.2. Development of KASP Assays for Haplotype Characterization 
 
To attempt to resolve the discrepancy, we turned our attention to the development of 
KASP assays that could reliably identify the major BADH2 haplotypes, with particular attention 
on a rapid and cost-effective assay that could diagnose Hap 6 and tag the functional 8-bp deletion 
causing fragrance. A minimal set of 8 SNPs (designated SNP2 – SNP9), selected from the 255 
SNPs segregating in the BADH2 gene, was selected that could unequivocally identify all major 
haplotypes, with the exception of Hap 9 which could not be distinguished from Hap 7. These 
two, relatively rare haplotype groups were primarily found in the aus subpopulation (Table 2.1.), 
and given the emphasis on US germplasm in our study, differentiating haplotypes 7 and 9 was 
not considered a priority. 
We next sought to identify a single SNP that would be uniquely diagnostic of Hap 6, the 
haplotype carried by a majority of lines known to be fragrant. None of the SNPs within the 
BADH2 gene met this criterion, and we therefore examined the 10-kb sequence upstream and 
downstream of the BADH2 gene to identify a SNP that would uniquely distinguish Hap 6 from 
all other haplotypes. A Hap 6-diagnostic SNP, designated SNP 1, was identified 7,908 bp from 
the BADH2 gene. This SNP is invariant in all the other haplotypes.  
2.3.3. BADH2 Diversity in U.S. Breeding Germplasm 
 
The 3K dataset included only 32 varieties from the United States and did not include any 
modern-day varieties or breeding germplasm. Therefore, to characterize the haplotype diversity 
present in modern U.S. breeding germplasm, we assembled a panel of 370 lines representing 
modern varieties and elite breeding germplasm from the southern United States, including 28 
accessions classified as aromatic. This panel was characterized for haplotype diversity using the 
SNP-based KASP assays described above. 
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Eight of the nine SNPs selected for KASP assay development were successfully 
converted into KASP assays and used to screen the U.S. panel. SNP9, which was initially 
included to differentiate Hap 1 from a rare haplotype, Hap 10, in the 3K dataset, failed to convert 
and was omitted from further analysis. Hap 10 was observed in only 52 genotypes in the 3K 
dataset, primarily of indica origin from South and Southeast Asia, and was considered unlikely 
to be present in the U.S. germplasm; thus, for the purposes of this study, U.S. genotypes 
characterized as having Hap 1 or Hap 10 were classified as Hap 1. 
In addition, a KASP assay was designed to directly interrogate the 8-bp functional 
deletion in the BADH2 gene. Although this assay accurately classified all non-deletion, non-
aromatic genotypes as such, it was unreliable for classifying accessions carrying the deletion. 
Indeed, ~50% of known fragrant varieties were misclassified into the non-fragrant group using 
this KASP marker, a problem that was similar to that observed in the SNP-Seek database. Given 
that the US panel contained experimentally confirmed fragrant and non-fragrant phenotypes, had 
well-documented pedigrees, and that all donor varieties carried Hap 6 and the 8-bp deletion 
causing fragrance, we concluded that the KASP assay was unreliable, and therefore, all 
subsequent analysis focused on haplotype classification using the eight reliable SNPs (Table 
2.2.). 
Of the 11 haplotype groups present in the 3K dataset, six were identified in the U.S. 
germplasm, with Hap 1 (49%, n=181) and Hap 2 (36%, n=134) alone accounting for 85% of the 
panel (Table 2.2.). Accessions carrying Hap 1 were predominantly (92%) long-grain varieties, 
but it was also found in 14 medium-grain, and one short-grain variety. Hap 2 was most common 
in medium-grain varieties, present in 67% of the 45 medium-grain accessions in the U.S. panel. 
Given that long-grain U.S. varieties are primarily classified as tropical japonicas, and medium-
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grain varieties as tropical and temperate japonica, the frequencies of Hap 1 and Hap 2 in the 
U.S. panel is consistent with observations of haplotype frequencies in the 3K dataset.  
Hap 6 was observed in 28 accessions in the U.S. germplasm panel, all of which were 
phenotypically characterized as fragrant. This is consistent with the hypothesis that Hap 6 carries 
the 8-bp deletion in the BADH2 gene, and that fragrance in southern U.S. germplasm is perfectly 
predicted by the presence of Hap 6. We thus conclude that fragrant U.S. germplasm contains the 
same BADH2 allele as identified in the Thai Jasmine line KDML105 (Kovach et al., 2009). 
Three haplotypes (Hap 3, Hap 5, and Hap 7/9) strongly associated with the Indica varietal 
group in the 3K genomes dataset were observed in a small set of U.S. varieties (Table 2.2.). Hap 
3 was identified in 11 breeding lines, 10 of which shared historical pedigree relationships that 
traced back to the Texas variety ‘Dawn’ (Bollich et al., 1968). The key intermediates between 
Dawn and the 11 modern breeding lines include ‘Trenasse’ and ‘Catahoula’ (Linscombe et al., 
2006; Blanche et al., 2009). We conclude that, in these breeding lines, Hap 3 derives from Dawn, 
which inherited the BADH2 gene from an indica ancestor. The one additional U.S. line 
containing Hap 3 was ‘CL151’, which has the indica variety ‘Taducan’ in its pedigree and is the 
likely source of Hap 3 in that lineage (Blanche et al., 2011). Hap 5 was observed in five U.S. 
lines, two of which are recent introductions from outside the United States, and two are new 
Provisia herbicide-resistant breeding lines derived from indica breeding germplasm. Hap 7/9 is 
present in 11 U.S. varieties, eight of which were developed in Arkansas and share similar 
pedigree histories that trace back to the introduction, ‘Rexoro (Johnston, 1958)   
To confirm the presence or absence of fragrance in the U.S. panel, a representative 
sample of each haplotype group was phenotyped for 2AP content. A set of 40 accessions was 
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phenotyped using gas chromatographic separation to quantify 2AP content in milled rice samples 
(Table 2.2.). Eighteen accessions that contained Hap 6 and had been previously characterized as 
fragrant were phenotyped and all were detected to contain 2AP. The average 2AP content for 
Hap 6-containing varieties was 1.30 ppm and ranged from 0.356 to 3.165 ppm. The range of 
measured 2AP content in fragrant genotypes demonstrates that additional, small-effect genes are 
involved in determining the level of 2AP production. Varieties in the U.S. panel that did not 
carry Hap 6 contained 2AP levels at or near zero. Based on these findings, we conclude that the 
BADH2 allele referred to in this study as Hap 6, and that is most strongly associated with the 
aromatic subpopulation of O. sativa, is the only allele conferring fragrance in U.S. germplasm. 
We further conclude that SNP1 (chr 8: 20,374,951 bp) identified in this study is capable of 
differentiating fragrant from non-fragrant lines across U.S. rice breeding germplasm
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Table 2.2. Haplotype Characterization and 2AP Concentration Across U.S. Breeding Germplasm Panel 
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  2-AP Concentration Test (ppm)
£
 SNP1
+
 SNP2 SNP3 SNP4 SNP5 SNP6 SNP7 SNP8 
Hap Group Number n Range Mean (SE)* 601^ 548 536 603 531 849 852 855 
1 181 5 0 - 0 0 G A G G A G G T 
2 134 9 0 - 0.079 0.009 (0.005) G T A G A C C T 
3 11 2 0 - 0 0 G A G A A C C T 
5 5 3 0 - 0.001 0.0002 (0.0002) G T G G A C C T 
6 (aromatic) 28 18 0.356 - 3.165 1.30 (0.089) T T A G A C C T 
7 or 9 11 3 0 - 0.009 0.003 (0.002) G A G G A C C T 
&
SNP positions are based on IRGSPv.1 
^represents the LSU KASP SNP ID 
+
represents the SNP ID used throughout manuscript 
£
ppm, parts per million  
*values in the parenthesis represent the standard error of the 2-AP Concentration 
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2.4. Discussion and Conclusion 
 
The objective of this research was to leverage publicly available, high density, SNP data 
about O. sativa to develop a rapid, cost-effective DNA marker assay for use in an applied U.S. 
rice breeding program. A common hurdle in the utilization of public genomic resources for 
applied breeding objectives is that elite germplasm of interest to plant breeders is not often well 
represented. A valuable feature of the 3K germplasm SNP-Seek database is that it represents the 
global diversity of domesticated Asian rice (O. sativa). It is reasonable to assume that haplotype 
alleles present in a specific rice breeding programs are represented within the 3K germplasm, 
even if the specific accessions are not. In this study, we utilized the 3K genotype data to 
characterize, identify, and validate that the BADH2 allele that confers fragrance in U.S. rice 
germplasm, without any fragrant U.S. varieties being present in the 3K dataset. By characterizing 
the haplotype diversity found in the 3K germplasm using 255 genic SNPs, we were able to 
identify a subset of nine SNPs that together could distinguish all 11 haplotypes, effectively 
obtaining the same resolution as with the full 255-SNP set. Hap 6 was determined to be the 
aromatic haplotype due to 128 lines within the haplotype containing the 8-bp deletion. Forty-
three of the lines in Hap 6 the did not contain the 8-bp deletion but this discrepancy could be the 
result of or a combination of a) heterogeneity of seed stocks, such that those used for re-
sequencing were genetically different than those used for phenotyping, b) heterogeneity of Hap 
6, such that some varieties carrying Hap 6 did not carry the 8-bp deletion and were therefore 
non-fragrant, or c) unreliable indel data in the SNP-Seek database, possibly due to problems 
during alignment of next generation sequence reads and variant calling.  
We then genotyped a panel of U.S. germplasm using the nine SNPs to characterize 
BADH2 gene diversity in our material. This set of nine SNPs could be applied in a similar 
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fashion to other breeding programs’ target germplasm, assuming the haplotypes present in the 
target germplasm were represented in the 3K dataset. The panel of U.S. germplasm included all 
modern U.S. varieties and elite breeding lines, thereby representing the pool of potential parents 
of new breeding crosses. In addition, the panel included fragrant lines whose pedigrees traced 
back to all original sources of fragrance used in US rice breeding. Thus, the aroma trait SNP 
(SNP1) validated across this panel can be used with confidence in any breeding crosses that are 
derived from materials in the panel.  
The ultimate objective of this research was to identify a single SNP that could be used for 
selection of fragrant varieties within U.S. breeding programs. For deployment in an applied 
breeding program, a DNA marker must be accurate across the target germplasm, amenable to 
high-throughput genotyping, and effective on low cost genotyping platforms/chemistries (Platten 
et al., 2019). Many breeding programs utilize KASP genotyping chemistry (LGC Group, 2016), 
which is ideal for SNP assays but can also detect small indels. In our case, we tried to develop a 
KASP assay targeting the causal 8-bp deletion for fragrance but had poor and inconsistent 
genotyping results. It is common that a functional mutation would involve an indel and in cases 
where developing a robust KASP assay on the indel itself is unsuccessful, the haplotype 
approach described in this study can be effectively utilized to identify a SNP in linkage 
disequilibrium with the functional polymorphism. 
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Chapter 3. Identification and Characterization of a Novel Resistance Gene to 
the Rice Pathogen, Cercospora janseana 
 
3.1. Introduction 
 
Cercospora janseana (Racib.) is a fungal disease that causes narrow brown leaf spot 
(NBLS) in rice (Oryza sativa L.). Narrow brown leaf spot can infect leaf sheaths, leaf blades, 
internodes and sheaths and the most recognizable lesions are linear, reddish-brown spots that 
appear on the leaves and sheaths around heading. The pathogen was first reported in 1900 under 
the name Napicladium janseanum Racib and first mentioned in North America under the name 
Cercospora oryzae Miyake in 1906. The pathogen was later renamed Cercospora janseana 
(Racib.) O. Const. (USDA, ARS, Fungal Database; Hollier, 1992). Under favorable conditions, 
NBLS can be a major disease in Southern U.S. rice production, causing severe leaf necrosis and 
premature ripening of seeds, reduced yield, and an overall decrease in milling quality (Groth and 
Hollier, 2010). 
Narrow brown leaf spot is predominantly a late season disease in rice and disease severity 
increases as the planting date is delayed. As inoculum builds up during the growing season, there 
is increased infection in late planted rice (Mani et al., 2016, 2017). This accumulation of 
inoculum is especially detrimental to two common agricultural practices along the U.S. Gulf 
Coast, second cropping (ratooning) rice and/or crawfish production. Second cropping rice is the 
practice of producing a rice crop from the regrowth after the first crop is harvested and is 
typically harvested three months after the first crop is harvested. Crawfish production is a form 
of aquaculture in which crawfish are stocked into the flooded rice field and ultimately live off the 
rice stubble that remains after harvest. Rice varieties that are susceptible to NBLS do not hold up 
in the crawfish habitat and are not good forage sources in the pond ecosystem. Since these 
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production practices take place late in the season, they are more prone to severe NBLS infection, 
which can lead to significant economic impacts for farmers. 
Narrow brown leaf spot had not been considered a significant disease in U.S. rice 
production, until its prevalence and severity increased in the early 2000s. A major outbreak in 
2006 was attributed to more than 50% of the total acreage being comprised of susceptible 
varieties, Cheniere and CL131. In addition to these two varieties several other varieties planted 
in 2006 were moderately susceptible. Another contributing factor to the epidemic was a higher 
presence of inoculum due a large portion of the 2005 crop being ratooned and used for crawfish 
production (Groth, 2011). The presence of NBLS is now routine and the degree of infection 
varies from year to year. In 2019, Arkansas reported an increased incidence and severity of the 
disease which had previously not been a prominent issue, raising even more concern about the 
disease (Hardke et al., 2019).  
The increased prevalence and severity of NBLS has made it a primary breeding target 
and a key research focus for rice pathologists in the Southern U.S. Among U.S. rice varieties and 
germplasm, there is significant variation for NBLS resistance, with some varieties exhibiting a 
resistance. However, there has not been any research conducted to date on the genetic 
architecture underlying the resistance in U.S. rice germplasm. The objective of this study was to 
explore the genetic architecture of NBLS resistance in a recombinant inbred line (RIL) 
population and subsequently map any large effect QTL and develop a DNA marker for breeding 
applications in U.S. rice germplasm. 
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3.2. Materials and Methods 
 
3.2.1. Plant Material 
 
The “MY2” recombinant inbred line (RIL) population (n=286) was previously developed 
as part of the RiceCap project (Oard et al., 2010). The population was developed from a cross 
between two released U.S. varieties, Cypress and LaGrue. Cypress is moderately susceptible to 
NBLS and LaGrue is highly resistant (Linscombe et al., 1993; Moldenhauer et al., 2001). 
The U.S. breeding germplasm panel is comprised of 387 lines. This panel represents 
modern and advanced U.S. breeding germplasm as well as historical pedigrees within U.S. rice 
breeding programs. It includes historical varieties and advanced breeding lines from Louisiana 
(131) Arkansas (105), Texas (84), Mississippi (46), California (10), and Missouri (1). The panel 
represents germplasm from all common U.S. grain [Long (n=316), Medium (n=48), Short (n=4)] 
and herbicide classes [Conventional (n=247), Clearfield (n=132), and Provisia (n=7)]. 
 3.2.2. Phenotyping Methods 
 
Field evaluations for NBLS resistance were conducted at the H. Rouse Caffey Rice 
Research Station (HRCRRS) near Crowley, LA. All materials were planted with a Hege seed 
drill and each rep consisted of a single 1.8m row with 17.8cm spacing between rows.. Standard 
agronomic practices were conducted according to the Louisiana Rice Production Handbook 
(Louisiana Rice Production Handbook, 2014). The RIL population was evaluated for NBLS 
resistance and agronomic traits in 2016, 2017, and 2018. The germplasm panel was planted in 
2017, 2018, and 2019, however, natural NBLS infection did not occur in 2018. Therefore, the 
data was collected in year 2017 and 2019 only.  
42 
 
Days to 50% heading (DTH) was calculated from the number of days between emergence 
date to 50% panicle heading. Disease ratings were taken two weeks after heading when natural 
disease pressure was most prevalent. The disease was scored on a scale of 0 to 9 based on 
number and size of lesions on the leaf blades; 0 = no lesions, 1 = pin-head lesions, 2 = dark 
brown speck that are 0.5 to 1.0 mm in diameter, 3 = linear reddish-brown spots that are 1 – 2 mm 
in length, 4 = ≤15 lesions per leaf that are 3 – 4 mm in length, 5 = ≤25 lesions per leaf that are 5 
– 6 mm in length, 6 = 25 to 50 lesions per leaf that are 7 – 10 mm in length, 7 = <75 lesions per 
leaf that are 10 – 20 mm in length, 8 = 75 to 100 lesions per leaf with less than 25% of leaf area 
killed by overlapping lesions, 9 = >100 lesions per leaf with more than 25% of leaf area killed by 
overlapping lesions (Groth et al., 1993). 
3.2.3. KASP Genotyping and Assay Development 
 
SNP genotyping was conducted at the HRCRRS using KASP genotyping chemistry and 
the LGC SNPline genotyping platform (LGC Group, 2016). Genome wide SNP markers were 
selected from a set of 2,000 KASP assays developed by LGC genomics (LGC Group, 2016). 
Additional SNPs in the QTL region were subsequently identified from the International Rice 
Research Instituted (IRRI) Rice SNP-Seek Database version IRGSPv1 (Alexandrov et al., 2015; 
Mansueto et al., 2017) and the 7k Illumina C7AIR SNP array (Morales et al., 2019). Genotyping 
of the MY2 population was conducted on single plants (F10) that were re-derived from single 
panicles in the 2016 field trial. Leaf tissue was sampled from the flag leaf of each individual 
panicle for DNA extraction. DNA extraction of the MY2 population and the U.S. breeding 
germplasm panel was conducted using a modified CTAB method (Khan et al., 2013) and KASP 
assays were designed by LGC genomics (LGC Group, 2016). 
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3.2.4. Quantitative Trait Loci Mapping and Statistical Analysis 
 
Initial QTL mapping of MY2 population was conducted in 2016 using 79 genome wide 
markers covering whole genome. Single marker analysis of variance was performed using JMP 
Pro 14 (SAS Institute Inc., 2018). Upon identifying the CRSP-2.1 QTL, an additional 36 markers 
were added to the map. Twenty-four SNPs were added to fill gaps across the genome and 12 
SNPs were added to increase resolution of the QTL region. SNPs that were polymorphic 
between LaGrue and Cypress were selected from High Density Array (HDRA) on the 
International rice Research Instituted (IRRI) Rice SNP-Seek Database version IRGSPv1 
(Alexandrov et al., 2015; Mansueto et al., 2017). A linkage map was constructed using 115 
markers, anchored by base pair position, and Quantitative Trail Loci (QTL) mapping was 
conducted using IciMapping software version 4.1 (Meng et al., 2015). QTL mapping was 
conducted with the inclusive composite interval mapping function for additive effects (ICIM-
ADD) and a LOD threshold was calculated based on 1,000 permutations with a type 1 error of 
0.05. Heritability was calculated on an entry mean basis using the following equation: 
𝐻 (𝑒𝑛𝑡𝑟𝑦 𝑚𝑒𝑎𝑛 𝑏𝑎𝑠𝑖𝑠) =  
σ𝑔2
(
σ𝑒2
𝑟𝑒⁄ )  +  ( 
σ𝑔2
e + σ𝑔𝑒2 
⁄ )
 
A student t test using LSMeans was performed in JMP Pro 14 (SAS Institute Inc., 2018) to 
determine significant differences between haplotype classes. 
3.2.5. Haplotype Characterization of U.S. germplasm 
 
To characterize the haplotype diversity of the QTL region across the U.S. germplasm 
panel, a set of 25 SNPs were selected from the Illumina C7AIR array based on their minor allele 
frequency within U.S. germplasm. Thirteen of these SNPs were polymorphic between the MY2 
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RIL population parents and these 13 SNPs were screened as KASP assays on the U.S. 
germplasm panel. Haplotypes were defined within the panel based on the SNP profile across the 
13 SNPs, lines with the same SNP profile across the target region were assigned the same 
haplotype ID. The average NBLS resistance rating of the lines in a given haplotype class was 
used to assign a phenotypic value to each haplotype. To help ensure a reasonable representation 
of each haplotype class, only haplotype classes with 10 or more lines were used for phenotypic 
associations. A student t test was performed to determine statistical differences between 
haplotype classes. Narrow brown leaf spot rating for each line was based on the average rating 
across two years (2017 and 2019).  
3.3. Results 
 
3.3.1. Phenotypic Evaluation of the MY2 population 
 
The MY2 RIL population was phenotyped for NBLS resistance under field conditions 
with natural disease pressure over three years (2016-2018) at the HRCRRS near Crowley, LA. 
The population consisted of 286 RILs derived from a cross between the variety LaGrue x 
Cypress (Oard et al., 2010). Phenotypic evaluation was based on a visual rating ranging from 0 - 
9, with zero being the most resistant while nine being the most susceptible (Groth et al., 1993). 
Based on the three-year average NBLS rating of each RIL, the population ranged from highly 
resistant (0.00) to moderately susceptible (4.56) (Figure 3.1.). The overall mean of the population 
was 2.06 with a standard deviation of 1.38. The distribution of the population was bimodal, with 
a normal distribution at a mode at 3.5 and a half normal distribution at a mode of zero. The 
Cypress parent exhibited a moderately susceptible rating of 3.27, while the LaGrue parent was 
resistant with an average score of 0.42. Narrow brown leaf spot ratings were highly correlated 
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across all years, with the correlation coefficient (r) ranging from 0.75 to 0.85 between any two 
years. The entry mean basis heritability across all three years was 0.90. 
 
Figure 3.1. Narrow brown leaf spot rating distribution based on a three-year average in MY2 RIL 
population. The population ranged from resistant (0) to moderately susceptible (4.56). The 
resistant parent, LaGrue, averaged a 0.42 rating and the moderately susceptible parent, Cypress, 
averaged a 3.27 rating. 
 
Days to 50% heading exhibited a normal distribution, ranging from 76 to 95 based on the 
three-year average. The overall mean of the population was 85 with a standard deviation of 3.72. 
Cypress parent headed at 87 days and the LaGrue headed at 90 days (Figure 3.2.). Days to 50% 
heading values were correlated across all years, ranging from 0.53 to 0.60 between any two 
years. A negative correlation (r = -0.39) was observed between early heading and increased 
susceptibility to NBLS. 
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Figure 3.2. Days to 50% Heading distribution based on a three-year average in MY2 RIL 
population. The population ranged from 75.69 to 95.11 days. The overall means of the 
population was 85.11. Cypress was the earlier heading parent at 87.2 days and LaGrue headed 
later at 89.8 days. 
 
3.3.2. QTL Mapping and Genetic Map Construction 
 
The population was initially genotyped with 79 SNPs across the genome to determine if 
any large effect loci were present for NBLS resistance. Single marker analysis using the 2016 
phenotype data identified two SNPs (SNP271 and SNP78) on chromosome 2 that were highly 
significant (p < 0.001). SNP271 (24,042,628 IRGSP V.1) and SNP78 (25,795,772 IRGSP V.1) 
explained 45% and 67% of the phenotypic variation, respectively. An additional 36 SNPs were 
subsequently added to fill gaps across the genome and provide increased marker density across 
the QTL region.  
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A linkage map, consisting of 115 SNPs, was constructed using IciMapping mapping 
software (Meng et al., 2015). The linkage map consisted of 1596.45 cM and the average gap 
between markers was 16.4 cM (2.85Mb). Composite interval mapping identified a total of 10 
QTL for NBLS and DTH (Table 3.1.). A single QTL, CRSP-2.1, was detected for NBLS 
resistance on chromosome 2, with the LaGrue parent contributing the resistant allele. CRSP-2.1 
mapped between SNP790 (24,477,977) and SNP792 (24,693,023) and explained 81.4% of the 
phenotypic variance (PVE) (LOD=116.9) across all three years (Table 3.1.). CRSP-2.1 was 
detected within each year individually, explaining between 67.1 to 72.7% of the phenotypic 
variance within each year. The average disease rating of RILs with the resistant allele was 0.57 
and ranged from 0 to 2.89. Whereas the average rating of RILs with the susceptible allele was 
3.16 and range from 1.36 to 4.56 with a normal distribution. The normal distribution observed 
among the RILs with the susceptible allele suggests that there is underlying quantitative 
resistance within the RIL population in the absence of the resistance allele. 
Nine QTL were detected across six chromosomes for DTH, ranging from 2.47% to 
13.52% of the phenotypic variance explained across all three years. Two QTL (MY2dth-8.1 and 
MY2dth-10.1) were detected for each individual year and for combined analysis of all three 
years. The DTH QTL, MY2dth-2.2 (LOD = 12.5, PVE = 8.4%), was detected at the same region 
on chromosome two as CRSP-2.1, with the Cypress allele conferring early heading (Table 3.1.). 
MY2dth-2.2 was significant within 2016 and 2017, but not in 2018 when analysis was conducted 
within year.
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Table 3.1. QTL Detected for Narrow Brown Leaf Spot and Days to Heading in the MY2 RIL Population 
    Left Marker Right Marker      
QTL 
Name Trait  Chr.* 
Pos.* 
(cM) 
Marker 
Name 
Pos.* 
(cM) 
IRGSP V.1 
Position 
Marker 
Name 
Pos.* 
(cM) 
IRGSP V.1 
Position LOD* PVE* Add* Donor†  
Year 
Detected‡ 
CRSP-
2.1 NBLS 2 138 SNP790 137.6 24,477,977 SNP792 139.7 24,693,023 116.9 81.35 1.3 LaGrue All Years 
MY2dth-
1.2 DTH 1 203 SNP522 148.3 38,413,377 SNP303 211.4 38,413,377 3.9 5.2 0.9 LaGrue  
MY2dth-
2.1 DTH 2 48 SNP11 46.6 7,284,870 SNP258 57.2 10,595,313 4.5 3.2 -0.7 Cypress 2018 
MY2dth-
2.2 DTH 2 140 SNP792 139.7 24,693,023 SNP793 140.7 24,791,557 12.5 8.4 -1.2 Cypress 2016, 2017 
MY2dth-
2.5 DTH 2 180 SNP803 178.9 30,829,996 SNP812 186.5 31,672,631 4.8 3.2 -0.7 Cypress 2018 
MY2dth-
3.1 DTH 3 0 SNP478 5.6 1,505,315 SNP249 10.8 2,526,047 8.1 5.6 0.9 LaGrue 2016, 2018 
MY2dth-
7.1 DTH 7 69 SNP194 65.7 7,435,646 SNP467 70.4 11,618,172 5.1 3.5 -0.8 Cypress 2017, 2018 
MY2dth-
7.3 DTH 7 126 SNP359 123.1 27,961,782 SNP195 126.6 28,374,660 3.9 2.5 0.7 LaGrue 2018 
MY2dth-
8.1 DTH 8 169 SNP422 160.3 24,800,446 SNP173 173.3 25,899,361 12.9 10.8 1.3 LaGrue All Years 
MY2dth-
10.1 DTH 10 71 SNP200 53.8 19,306,698 SNP212 71.8 21,817,967 18.1 13.5 -1.5 Cypress All Years 
*Chr. = Chromosome; Pos. = Position; LOD = Logarithm of the odds; PVE = Percent variation explained; Add = Additive effect 
  
†Parent contributing the favorable allele. Resistant allele is favorable for NBLS and the early heading allele is favorable for DTH 
  
‡Individual year(s) the QTL was detected. MY2dth-1.2 was not detected in any single year, only detected across years  
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3.3.3. Relationship Between Early Heading and NBLS Resistance 
 
The phenotypic correlation between early DTH and NBLS resistance (r = -0.39) and the 
presence of overlapping QTLs (CRSP-2.1 and MY2dth-2.2) for both the traits, suggests that the 
resistance could be due to disease avoidance, rather than true resistance. To explore this, the RIL 
population was divided into two groups based on the allelic state at the CRSP-2.1 region, 159 
RILs with the Cypress allele were grouped and the 115 RILs with the LaGrue allele combined as 
a separate group. A correlation between DTH and NBLS was still observed within each group, 
however the correlation value was reduced. The RILs with the Cypress allele had an average 
DTH of 84 and an average NBLS score of 3.16, the correlation between the traits was r = -0.20. 
The RILs with the LaGrue allele had an average DTH of 87 and an average NBLS score of 0.59, 
the correlation between the traits was r = -0.22. 
We subsequently divided the RIL population into two groups based on DTH, one group 
contained the 100 earliest RILs and the other group contained the 100 latest RILs. A single 
marker analysis was conducted within each group to determine if the CRSP-2.1 QTL is 
significant within each group. SNP861 explained 82% of the phenotypic variation across the 
entire RIL population, 81% within the late heading RIL group, and 77% within the early heading 
RIL group. These observations demonstrate that the correlation between DTH and NBLS 
resistance is due to the co-localization of a DTH QTL (MY2dth-2.2) at the same region as the 
CRSP-2.1 QTL and that the observed resistance is genetic and not explained by disease 
avoidance.  
3.3.4. High Resolution Mapping of CRSP-2.1 
  
Twelve RILs were identified as recombinants within the CRSP-2.1 QTL region (Chr. 2: 
24,128,810 – 24,768,787 bp). To further define the QTL region, these recombinant RILs were 
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phenotyped with additional replicates in 2017 and in 2018. The RILs were grouped into 
recombinant classes based on their recombination breakpoints (Table 3.2.). RILs 101267, 
101004, and 101147 were in recombinant class 1, with RILs 101267 and 101004 having 
susceptible phenotypes and the LaGrue allele at SNP858 and Cypress alleles from SNP859 to 
SNP877. RIL 101147 had a resistant phenotype and the Cypress allele at SNP858 and LaGrue 
alleles from SNP859 to SNP877. These observations suggest the gene is to the right of SNP858. 
Recombinant class 2 included eight RILs that were recombinant between SNP862 and SNP868, 
with LaGrue alleles from SNP858 to SNP862 and Cypress alleles from SNP868 to SNP877. All 
RILs in this class were resistant, indicating that the gene is to the left of SNP868. Recombinant 
class 3 contained RIL 101124, which was susceptible and contained Cypress alleles across the 
region, except at SNP875 and SNP877. These observations indicate that the causal gene 
underlying the CPRS-2.1 QTL is within a 532kb region between SNP858 (24,128,810) and 
SNP868 (24,661,686) (Table 3.2.). This region contains 77 genes, with the primary gene classes 
including 21 retrotransposons, 21 expressed proteins, and a cluster of six receptor kinase proteins 
and leucine-rich repeat proteins that are common class of plant resistance genes.
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Table 3.2. Additional Screening of Recombinants Within the QTL Region of the MY2 RIL Population 
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Genotype Reps* NBLS Rating^ (se) Rec. Class 858† 859 861 790 878 881 882 862 868 870 871 872 792 875 877 
Cypress 15 3.3 (0.2) SUS Parent T T T A C T C T C A G C A G C 
LaGrue 19 0.4 (0.1) RES Parent G A C C T C T C A C A A G A G 
101267 15 3.2 (0.2) 1-1 G T T A C T C T C A G C A G C 
101004 16 2.6 (0.2) 1-1 G T T A C T C T C A G C A G C 
101147 14 1.0 (0.2) 1-2 T A C C T C T C A C A A G A G 
101032 16 1.2 (0.2) 2-1 G A C C T C T C C A G C A G C 
101007 9 0.6 (0.2) 2-1 G A C C T C T C C A G C A G C 
101029 9 0.6 (0.2) 2-1 G A C C T C T C C A G C A G C 
101098 9 0.4 (0.2) 2-1 G A C C T C T C C A G C A G C 
101104 9 0.2 (0.1) 2-1 G A C C T C T C C A G C A G C 
101116 9 0.2 (0.2) 2-1 G A C C T C T C C A G C A G C 
101130 9 1.1 (0.4) 2-1 G A C C T C T C C A G C A G C 
101014 12 0.3 (0.1) 2-1 G A C C T C T C C A G C A G C 
101124 18 3.5 (0.2) 3-1 T T T A C T C T C A G C G A G 
*Total number of replicates evaluated across three years 
^Average NBLS rating across all years (standard error), lower rating corresponds to increased resistance 
†LSU SNP ID number. Shaded cells refer to LaGrue alleles, unshaded cells refer to Cypress alleles 
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3.3.5. Characterization of CRSP-2.1 QTL Across U.S. Germplasm 
 
To investigate the effect of CRSP-2.1 across U.S. rice germplasm, a U.S. rice breeding 
germplasm panel, consisting of 387 lines, was evaluated for NBLS resistance and DTH data over 
two years. Narrow brown leaf spot ratings ranged from 0.0 (resistant) to 5.0 (susceptible), with a 
mean of 1.7 and a standard deviation of 1.1 (Figure 3.3.). The correlation coefficient (r) for 
NBLS across years was 0.67***. The mean of the panel for DTH was 92 days, with a standard 
deviation was 5.3, and a range of 72 to 115 (Figure 3.4.). The correlation coefficient (r) for DTH 
across years was 0.75***.  
 
Figure 3.3. Narrow brown leaf spot rating distribution across two years in U.S. rice germplasm. 
The overall average of the germplasm was 1.7 and ranged from resistant (0) to moderately 
susceptible (5). 
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Figure 3.4. Days to 50% Heading distribution across two years in U.S. rice germplasm. The 
overall mean of the germplasm was 91.5 with a range of 72.2 to 115 days. 
 
A set of 13 SNPs was identified across the 532kb CRSP-2.1 QTL region that were 
polymorphic between the parents of the MY2 mapping population. These SNPs were screened as 
KASP assays on the U.S. breeding germplasm panel and used to construct extended haplotypes 
across the CRSP-2.1 region. Fourteen unique haplotypes were identified in the panel, with six 
haplotypes (Hap 1-6) accounting for 94% of the lines. The remaining eight haplotypes contained 
between one and six lines (Table 3.3.). A total of 336 lines had NBLS phenotype data available 
and were used to associate the NBLS phenotype for each haplotype class. Two-hundred and 
forty-two lines were phenotyped across both years (2017 and 2019) and 96 lines were only 
phenotyped 2019. Phenotypic comparisons were made between haplotype classes that were 
present at a frequency of 0.03 or greater
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Table 3.3. Haplotype Summary of the CRSP-2.1 QTL Region Across U.S. Germplasm Panel 
  Chr.  2 2 2 2 2 2 2 2 2 2 2 2 2 
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HAP ID* # of Lines
ǂ
 NBLS Rating^ (se) 858† 1356 787 1357 1359 1358 859 861 878 881 882 862 868 
Hap 1 (Cypress) 170 (166) 2.46 (0.07) T C C G A A T T C T C T C 
Hap 2 93 (60) 0.83 (0.08) G T T A A C A C C T C T C 
Hap 3 (LaGrue) 27 (20) 0.65 (0.08) G T T A G C A C T C T C A 
Hap 4 28 (22) 1.15 (0.10) G T T A A C T C C T C T A 
Hap 5 31 (21) 0.96 (0.12) G T T A A A A C T C T T C 
Hap 6 16 (13) 0.61 (0.15) G T T A A C A C T C T C A 
Hap 7 6 (6) 0.88 (0.25) T C C G A C A C C T C T C 
Hap 8 6 (6) 1.45 (0.28) T C C A A C A C C T C T C 
Hap 9 3 (3) 0.33 (0.10) T T T G A C A C C T C T C 
Hap 10 2 (2) 2.29 (0.79) G C C G A A T T C T C T C 
Hap 11 2 (2) 0.83 (0.33) G T T A A C A C C T C T A 
Hap 12 1 (1) 0.67 (n/a) G T T A A A A C T C T T A 
Hap 13 1 (0) n/a G C C G A C A C C T C T C 
Hap 14 1 (0) n/a T C C G A C A     T C T C 
*Haplotype group assignment based on SNP profile across the CRSP-2.1 region 
ǂIndicates number of lines within haplotype with number of lines phenotyped in parenthesis 
^Average NBLS rating across all years (standard error), lower rating corresponds to increased resistance 
†LSU SNP ID   
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Haplotype 1 (Hap 1) was the most prevalent haplotype in the panel (44%, n = 170) and 
included the moderately susceptible RIL parent, Cypress (Table 3.3.). Hap 1 was the only 
susceptible haplotype class and was significantly different than all other haplotypes (p < 0.0001) 
for NBLS resistance (Figure 3.5.). Hap 1 was disproportionately more common within Clearfield 
herbicide resistant germplasm (63%) than in non-Clearfield germplasm (41%). The average 
NBLS rating for lines with Hap 1 was 2.5 with a normal distribution (SD = 0.89) ranging from 
0.2 (resistant) to 5 (moderately susceptible). Similar to what was observed in the RIL population, 
there is underlying quantitative resistance among lines with the susceptible CRSP-2.1 allele. All 
other haplotypes, containing 13 or more phenotyped lines, exhibited an average NBLS rating of 
resistant, with an average NBLS rating ranging from 0.61 to 1.13 (Table 3.3.). 
 
Figure 3.5. Comparison of narrow brown leaf spot phenotypes across CRSP-2.1 haplotype 
classes that appear at a frequency of at least 0.03. The susceptible haplotype, Hap 1, consisted of 
44% of the germplasm panel and included the moderately susceptible RIL parent, Cypress. All 
other haplotypes showed resistant ratings with average rating ranging from 0.61 to 1.13. 
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One SNP (SNP861) located at 24,386,096 bp perfectly differentiated the susceptible Hap 
1 from all other haplotypes. SNP861 explains 52.7% of the phenotypic variation for NBLS 
resistance within the panel across both years (Figure 3.6.). The SNP exhibited clear clustering 
and excellent data return when surveyed as a KASP assay in the bi-parental population and in the 
U.S. germplasm panel. These results validate SNP861 as an effective trait marker for use in 
selection for the presence of the CRSP-2.1 resistance allele across U.S. rice germplasm. 
 
 
Figure 3.6. Phenotypic comparison based on allele calls for SNP 861 across U.S. rice 
germplasm. SNP861 explained 52.7% of the phenotypic variation for narrow brown leaf spot 
resistance based on the two-year average. 
 
3.3.6. Source of the Susceptible CRSP-2.1 allele 
 
Haplotype analysis of the CRSP-2.1 region identified a single susceptible haplotype and 
multiple resistant haplotypes across the U.S. rice germplasm panel. The germplasm panel 
57 
 
consisted of 170 lines with the susceptible Hap 1 allele and these lines can be classified into five 
groups based on pedigree relationships. Group 1 consists of 15 lines, all of which trace their 
pedigrees back to the California variety L-201. L-201 was released in 1979 and is the oldest 
variety in the germplasm panel that contains the susceptible allele. In addition to L-201, group 1 
included the California line L-202 and the Louisiana varieties Cypress and Cheniere. L-202 was 
developed from a cross of L-201, and L-202 was subsequently used as a parent in the 
development of Cypress and Cheniere. L-202 was the source of the susceptible CRSP-2.1 allele 
for Cypress and Cheniere, as the other parents in their pedigrees were demonstrated to contain a 
resistant CRSP-2.1 allele. Group 2 consisted of 133 lines that all trace their pedigrees back to 
Cypress. Fifty of these 133 lines trace directly back to Cypress and 83/133 lines were developed 
from CL161. CL161 is a Clearfield herbicide resistant line that was developed from EMS 
mutagenesis of Cypress (Linscombe and Sha, 2002). Group 3 consist of 11 lines whose pedigrees 
trace back to the Louisiana variety Cheniere, whose pedigree include L-202. Group 4 consists of 
six lines, including the Louisiana variety Lacassine and five lines developed from crosses 
containing Lacassine as a parent (Linscombe et al., 1992). The pedigree of Lacassine 
(Newbonnet x Lemont) includes two parents that both contain resistant alleles, demonstrating 
that there was likely an outcrossing or seed mix-up during the development of Lacassine that 
resulted in the inheritance of the susceptible Hap 1 allele. Lacassine was released in 1991 and 
was under development at the same time as Cypress (released 1992), during a period when L-202 
was commonly used as a breeding parent (Linscombe, Personal Communication). Group 5 
includes seven lines from Texas and Mississippi that represent four different pedigrees. These 
pedigrees all include exotic, introduced parents that could be additional sources of the 
susceptible Hap 1 allele. Overall, 158 lines (93%) that contain the susceptible Hap 1 allele can be 
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traced directly to L-201 by pedigree, providing very strong evidence that L-201 is the original 
source of the susceptible allele in southern U.S. rice germplasm. 
3.4. Discussion and Conclusion 
 
The NBLS resistance QTL, CRSP-2.1, was mapped to a 532kb region and explained 
81.4% of the phenotypic variation in NBLS resistance in a bi-parental RIL population and 52.7% 
of the variation across U.S. breeding germplasm. This region contains 77 genes, with the primary 
gene classes including 21 retrotransposons, 21 expressed proteins, two leucine-rich repeat (LRR) 
family proteins, and four receptor kinase proteins. The LRR and receptor kinase genes are 
clustered together in an 81kb region (24,293,135bp-24,374,496bp) and are the strongest 
candidate genes underlying CRSP-2.1. LRR genes belong to the large class of resistance genes 
and confer resistance to several races of rice blast (Magnaporthe oryzae) (Zhang et al., 2015; 
Yan et al., 2017) and bacterial blight in rice (Xanthamonas oryzae) (Lin et al., 1996). In addition 
to rice pathogens, LRR genes confer resistance to several pathogens in other cereal crops such as 
powdery mildew (Blumeria graminis) in barley (Shirasu et al., 1999; Zhou et al., 2001), leaf rust 
(Puccinia sorghi) in maize (Collins et al., 1999) and leaf rust (Puccinia triticina) in wheat 
(Spielmeyer et al., 2000). 
The susceptible CRSP-2.1 allele was introduced into southern U.S. rice germplasm and 
rapid proliferation of the susceptible was driven by widespread use of Cypress as a breeding 
parent and the development of key breeding lines derived from Cypress. Cypress was widely 
grown across the southern U.S. in the 1990s and has been used extensively as a parent in 
breeding programs in the U.S. In addition, Cypress was used for mutational breeding that led to 
the development of Clearfield herbicide resistant rice variety CL161 (Linscombe and Sha, 2002). 
The Clearfield production system is widely used across the southern U.S. and globally, 
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accounting for as much as 51% of the acres in Louisiana in 2019 (Harrell, 2019). Thus, the 
pedigrees of all U.S. Clearfield rice germplasm traces back to Cypress. The Clearfield gene is 
also located on chromosome 2 (18.2 Mb) and is slightly linked to the CRSP-2.1 locus (24.5 Mb). 
The pedigree relationship of Clearfield germplasm to the susceptible allele through Cypress and 
the physical linkage of the Clearfield and CRSP-2.1 loci explains the increased frequency of the 
susceptible Hap 1 allele within Clearfield germplasm. Sixty-three percent of Clearfield 
germplasm contains the susceptible CRSP-2.1 allele compared to only 41% of non-Clearfield 
germplasm. 
A major outbreak of NBLS occurred in 2006 and was in part attributed to the planting of 
the susceptible varieties. Over 90% of the total rice acreage in 2006 consisted of varieties 
containing the susceptible CRSP-2.1, Hap 1 allele. The most prevalent varieties planted in 2006 
were Cheniere (25.10%), Cocodrie (24.63%), CL131 (23.98%), CL161 (11.14%) and Cypress 
(5.34%). All of these varieties contain the susceptible Hap 1 allele and contain L-202 in their 
pedigrees.  The frequency of the susceptible CRSP-2.1 continues to be high among the varieties 
planted, with 80% of the acres planted with inbred rice varieties in Louisiana in 2019 containing 
the susceptible CRSP-2.1 allele (Harrell, 2019). This large percentage of acres planted to 
varieties lacking the CRSP-2.1 resistance allele highlights an opportunity to increase productivity 
and reduce fungicide applications by incorporating CRSP-2.1 resistance in new varieties. 
The objective of this study was to explore the genetic architecture of NBLS resistance in 
a recombinant inbred line (RIL) population and subsequently map any large effect QTL and 
develop a DNA marker for breeding applications in U.S. rice germplasm. A single, large-effect 
QTL was identified and validated across three years of field evaluations. To our knowledge, this 
is the first study to investigate the genetics of NBLS resistance in rice and the first NBLS 
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resistance locus reported. Cercospora janseana is one of many Cercospora sp. subspecies that 
affect a variety of crops. Some of common crops infected by Cercospora sp. include soybean (C. 
kikuchii) (Soares et al., 2015; Borges et al., 2018), maize (C. zeae-maydis) (Crous et al., 2006), 
sugar beet (C. beticola) (Khan et al., 2008), peanut (C. arachidicola) (Woodward et al., 2010), 
carrot (C. carotae) (Westerveld et al., 2008) and celery (C. apii) (Bounds and Hausbeck, 2008). 
The underlying gene identified in this study could potentially have an impact on providing 
resistance to these other crops. 
To facilitate broad utilization in applied breeding programs across all target rice 
germplasm, a SNP marker was identified and validated across a representative panel of modern 
U.S. breeding materials. This SNP marker was also developed into a KASP SNP assay and 
technically validated to provide high quality data within a bi-parental population and across the 
germplasm panel. This KASP assay will provide a cost-effective DNA marker and be of 
immediate use in applied rice breeding programs. This SNP assay is actively used in our rice 
variety development efforts through marker assisted selection of F2 populations and in screening 
all entries in yield trials. 
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Chapter 4. Overall Conclusion 
 
Rice is a staple food for over one-third of the world’s population and with an increasing 
population, it is critical that plant breeders continue breeding improved rice varieties to meet the 
increasing demand. Breeding improved rice varieties has many different aspects, with the main 
focus of increasing yield and improving grain quality. Breeding efforts are also aimed at 
improving secondary traits that significantly impact yield and quality, such as disease resistance, 
plant height, maturity, vigor and lodging resistance. Developing a new rice variety typically 
takes between 7 to 10 years. The relatively recent integration of molecular marker technologies 
has proven to be a valuable tool to help breeders increase breeding productivity. The suitability 
of a trait to be utilized in marker-assisted selection largely depends on the genetic architecture of 
the trait. Traits controlled by single genes that explain large amounts of the phenotypic variance 
are ideal candidates for marker-assisted selection. The goals of this research were to identify, 
develop, and validate SNP markers for the use in applied breeding programs. The two targeted 
traits were grain aroma and resistance to narrow brown leaf spot (C. janseana). 
 The primary objective for both these traits was to develop and validate a SNP marker for 
use across US rice breeding germplasm. However, the approaches to accomplish these objectives 
differed for the traits based on the previously information for each trait. For the aroma trait, a 
well characterized gene, BADH2, has previously been reported in rice and this gene served as a 
strong candidate gene underlying the aromatic trait in US germplasm. For the NBLS trait, no 
previous genetic studies had been conducted and there was no published literature on the 
genetics of the trait. 
 There are excellent public genetic and genomic resources available in rice, notably the 
IRRI SNP-Seek database contains 3,024 global rice accessions (3K panel) that capture the 
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majority of the global diversity of O. sativa. Although this collection includes 51 US rice 
accessions, it does not include modern or elite US varieties. To enable the utilization of this 
public sequence data, a haplotype approach was utilized to first characterize the haplotype 
diversity of the BADH2 aroma gene in the global rice diversity. The assumption was made that 
the diversity present in US germplasm was represented within the global set of 3,024 sequenced 
lines. The haplotype diversity in the 3K panel was assessed based on the 297 SNPs present in the 
BADH2 gene and 11 haplotypes were observed. Since the 3K panel does not represent the 
modern and elite US rice germplasm, a set of nine highly informative SNPs was identified that 
effectively distinguished all major haplotypes. These SNPs were designed into KASP SNP 
assays and run across a panel of 370 modern and historical US rice germplasm and the individual 
lines were assigned into haplotype groups. Phenotype evaluation of each haplotype group 
identified a single aromatic haplotype and a single SNP was identified that perfectly 
characterizes all aromatic lines from non-aromatic across the target US rice germplasm.  
A novel, single gene for NBLS resistance was identified using a bi-parental population 
between two elite lines, Cypress and LaGrue. The bi-parental population was screened for NBLS 
under field conditions across three years. A large effect QTL (LOD = 116.9, PVE = 81.4%) was 
identified on chromosome 2 and with the additional screening of recombinants within the QTL 
region, the QTL was defined to a 532kb region. A set of 13 SNPs within the QTL region were 
identified from the bi-parental population and ran on a germplasm panel consisting of 390 U.S. 
rice lines. Fourteen haplotypes were identified with only one haplotypes that was susceptible to 
NBLS. A single SNP marker (SNP861) was identified that could distinguish between susceptible 
and resistant haplotypes, explaining 52.7% of the variation of NBLS. 
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 The trait SNP markers developed and validated in this work can be utilized in applied 
breeding efforts in different ways. Different applications of trait markers in an applied breeding 
program include marker-assisted selection (MAS) or forward breeding, marker-assisted 
backcrossing (MAB), characterization of parental lines and confirmation of new F1s, purity of 
breeder or foundation seed lots, and as fixed-effects in genomic selection models. Markers-
assisted selection or forward breeding is a useful tool that breeders can use to help improve the 
efficiency of selection. Marker-assisted selection is the process of using DNA markers that are 
linked to target loci and serve as “flags” for the desired traits of interest. Marker-assisted 
selection can be implemented prior to field evaluation or in early generations to evaluate 
experimental lines. Utilizing MAS allows breeder to focus selection on experimental lines that 
are the best candidates for release while reducing the lines with undesirable characteristics in the 
subsequent generations. Marker-assisted backcrossing is a tool that can be used to increase the 
efficiency of conventional backcrossing. Backcrossing is a technique utilized by breeders to 
incorporate one or few genes into germplasm or varieties that lack only a few desirable 
characteristics. The increases of efficiency from MAB is due to breeders being able to reduce the 
number of backcrosses necessary to obtain the desired phenotype because the breeder can detect 
the presence of the desired loci. In the case of disease resistance, MAB can be utilized to 
pyramid resistance genes. Pyramiding the resistance genes can increase the overall durability of 
resistance in the selected line. Traits markers also allow a breeder to characterize potential 
parental lines. This characterization allows breeders to cross parental lines that would combine 
the most favorable genetics in the progeny. After the crosses are made, trait markers also play an 
important role in ensuring the correct crosses are made and discarding accidental selfs. Trait 
markers also play a vital role in maintaining purity. The process of developing a variety occurs 
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across several years and contains many steps. Trait markers can ensure that no mistakes or 
contamination were made throughout the process, therefor ensuring purity of the lines selected. 
Markers can also be used to maintain the purity of the foundation seed. Genomic selection is a 
tool that breeders can utilize that uses phenotypic and genotypic data from a training population 
to predict the phenotypic performance of a lines within a breeding population. Genomic selection 
helps to reduce the number of undesirable lines that are planted in the field. Trait markers can be 
incorporated as fixed effect in genomic selection to improve the predictive ability of the model. 
When adding trait markers the breeder can eliminate the effect of that gene and measure more of 
the quantitative effect of the trait of interest.  
The application of a trait marker is largely influence by the specific trait. Some traits are 
essential and must be present for a specific variety to fit into a given market class. For example, 
for a rice variety to be aromatic, it must have the aromatic allele of the BADH2 gene. Whereas 
some traits are not required to be present in a released variety. For example, the resistance gene 
reported here for NBLS provides strong resistance to the disease, however, strong resistance to 
NBLS is not a requirement for a new variety and it is still possible for a line to have strong levels 
of quantitative resistance without containing the resistance gene. So in this case the marker can 
be used not only for direct marker-assisted selection, but also it could be useful to characterize 
varieties to estimate the expected level of resistance and to use in conjunction with phenotype 
data to advise produces on management of a variety. It might also be useful finding additional 
sources of resistance by identifying those genotypes with resistance that do not contain the 
resistance gene. 
Though the trait markers are identified and validated in current germplasm the trait 
markers need to be monitored as new material enter the germplasm pool. As new material enters 
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the germplasm pool it is important to ensure that the markers are still viable for selection within 
the new germplasm. In the case of the NBLS marker, potential new races can develop and 
decrease the effectiveness of SNP861. More research needs to be conducted to determine which 
races of NBLS that this gene is conferring resistance to. The development of new races increases 
the potential of gene to be overcome and can ultimately lead to the need of more research to 
identify another resistance gene. 
 Overall, this research shows how different approaches can be utilized in rice for the 
identification, development and validation of SNP markers for key traits. The integration of these 
markers within traditional breeding programs help breeders in the selection process of 
developing improved rice varieties and germplasm. Both markers will need to be monitored as 
new germplasm enters the germplasm pool to ensure the markers utility for selection for traits of 
interest in the future. Both traits SNP markers identified in this research will provide U.S. rice 
breeding programs immediate utility. 
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